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FOREWORD 


_ This is the third book that has been published on the metallurgy 
of reactor materials under the sponsorship of the Naval Reactors 
group of the U.S. Atomic Energy Commission. Тһе other two books 
are the Metallurgy of Zirconium and The Metal Beryllium, both 
of which were published in 1955. "The nine books already published 
and six others presently under preparation, all sponsored by Naval 
Reactors, make up a comprehensive collation of some of the significant 
aspects of basic reactor technology which has been developed in the 
Naval Reactors program and the Shippingport Pressurized Water 
Reactor. 

From its very inception, the Naval Reactors program has given 
great emphasis to development work on the metallurgy of reactor 
materials—fuel materials, control materials and structural materials. 
While this metallurgical development work has been guided largely 
towards pressurized water and sodium-cooled reactor applications, 
I believe that the basic understanding that has been obtained on the 
properties and fabricability of these materials is such that it will 
be of significant value to other industrial applications, both nuclear 
and non-nuclear. 

Hafnium was discovered in 1992 and its name was taken from 
Hafnia, the Latin name of Copenhagen, where G. de Hevesy dis- 
covered hafnium. Тһе technological development of hafnium has 
been closely connected with that of zirconium. Hafnium is normally 
found in nature with zirconium and, because of its strong tendency 
to absorb neutrons, must be removed from the zirconium before the 
Zirconium can be used in nuclear reactors. Until 1951, the hafnium 
obtained from the hafnium-zirconium separation process was stored 
without any specific application in view at the time. 

It was 1951 when the urgent need occurred for obtaining a reliable 
control material for the Nautilus land prototype reactor at Arco, 
Idaho, that such a specific application developed for hafnium. Since 
then, hafnium has been used for the control material of naval 
water-cooled reactors and for the Shippingport reactor. Its physical 
and nuclear characteristics have been found to be outstanding for 
this applieation; as a result hafnium now plays an important role 
among materials for water-cooled power reactors. 

This book presents the technology developed to date on hafnium 
by the Naval Reactors program and the Shippingport Pressurized 


IX 
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Water Reactor. Much has been learned but much remains to be 
done especially in the field of hafnium alloys and compounds. 1 
trust that metallurgists in industry will take up this challenge and 
continue further development. 

I would like to extend my appreciation to the many persons who 
have given their time to the preparation of this book and to Dr. D. E. 
Thomas and Dr. E. T. Hayes for their efforts in editing it. 


H. G. RICKOVER, 
Vice Admiral, USN. 


EDITORS’ PREFACE 


The past decade or so has seen the rapid development of the trio 
of Group IV transition metals, titanium, zirconium, and hafnium, 
from the laboratory curiosity stage to the production stage. Because 
of the unusual similarity in their chemical properties, zirconium and 
hafnium always occur together in nature. In their respective abilities 
to absorb neutrons however they differ greatly, and this difference 
has led to their use in nuclear reactors. Zirconium, with a low 
neutron absorption cross section (0.18 barns), is highly desirable as 
a structural material in water-cooled nuclear reactor cores. Hafnium, 
on the other hand, because of its high neutron absorption cross sec- 
tion (105 barns) can be used as a neutron absorbing control material 
in the same nuclear reactor cores. Thus, these two elements which 
occur together so intimately in nature that they are very difficult 
to separate are used together as separate important components in 
the cores of nuclear reactor plants. 

The technological development of hafnium stems in large measure 
from the impetus and direction afforded by Vice Admiral H. G. 
Rickover, Assistant Director, Division of Reactor Development, 
Atomic Energy Commission, and Assistant Chief for Nuclear Pro- 
pulsion, Bureau of Ships. His decision in May 1950 to utilize 
zirconium in the Nautilus reactor and its land-based prototype re- 
quired among other things that a process for the large scale separa- 
tion of hafnium from zirconium be developed and placed on a 
production basis. Hafnium was a byproduct of the production of 
zirconium.. As there was no specific use for it at that time the 
hafnium was put in storage. A subsequent decision by Vice Admiral 
Rickover in 1951 to use hafnium for the control rod material in the 
same reactors was the beginning of the exploitation of this new 
metal—hafnium. Since that time hafnium has been employed in a 
wide variety of water-cooled reactors including most of the naval 
reactors and the Shippingport Pressurized Water Reactor. 

A considerable amount. of work has been performed since 1951 
as a result of the application of hafnium as a control rod material. 
The nuclear physics aspects involved in using hafnium in reactors 
have been worked out in detail. Metallurgical work, particularly 
long-time corrosion tests in high temperature water, has been per- 
formed and has shown that hafnium is satisfactory for this applica- 
tion. Means of melting, forging, rolling, and welding hafnium into 
precision components have been developed. 
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It has been fortunate for the development and procurement of 
satisfactory nuclear reactor control rods that no major problems 
have arisen with hafnium which could not be solved by leaning 
heavily on the vast technology developed concurrently for zirconium. 
However, this lack of major problems has, in itself, resulted in some 
significant technical areas remaining unexplored. For example, 
unalloyed hafnium may be used in the control rods for water-cooled 
reactors since its properties are adequate for the application; соп- 
sequently a large-scale alloy development program has not been 
necessary. This is just one indication of the fact that much remains 
to be done in the field of hafnium metallurgy. 

This book is based largely on the development and fabrication 
work that was performed on hafnium to permit its use in water- 
cooled reactor cores. Much of the knowledge that was obtained in 
this connection resides in unpublished letters. and reports or in docu- 
ments not generally available. The purpose of this book is, therefore, 
to assemble and critically review this information and thereby 
facilitate its dissemination. It is hoped that this will interest 
workers in industrial and research activities to contribute to the 
further development of hafnium technology. 

The editors wish to express their thanks to Vice Admiral Rickover, 
without whose support and encouragement this book would not have 
been possible; to the chapter editors and section authors for their 
contributions; to the management of their respective organizations 
for support in the preparation of the book; and finally, to the many 
people who have reviewed portions of the manuscript and assisted 
in its preparation. 


D. E. Tuomas, 
Manager, Naval Reactor Metallurgy, Westinghouse Atomic 
Power Division, Bettis Plant, Pittsburgh, Pa. 
Earr Т. Hayes, 
Chief Metallurgist, Bureau of Mines, U.S. Department of the. 
Interior, Washington, D.C. 


Chapter 1 


APPLICATION ОҒ HAFNIUM 
У. Н. WirsoN, Editor 


This chapter is divided into four parts. First, the history of the 
discovery, the development, and the application of hafnium is dis- 
cussed. Second, the nuclear properties of hafnium are covered, since 
the principal application has been as the metal of construction in 
control rods for nuclear reactors. The third and fourth sections 
cover the nuclear and nonnuclear uses of hafnium. 


1.1 HISTORY OF HAFNIUM 
By W. Н. Wilson and R. W. Staehle ! 


Introduction 


The recent history of hafnium begins with the decision in 1950 to 
manufacture hafnium-free zirconium metal for use in the reactor 
core of the submarine Nautilus. The next year, it was decided to 
use the byproduct hafnium in the neutron absorbing control rods 
in the same reactor. The first core using hafnium control rods was 
the Nautilus prototype reactor plant at the Naval Reactor Test Site 
in Arco, Idaho. This reactor went to power on Мау 31, 1953. Тһе 
second core also employing hafnium control rods was used in the 
Nautilus and propelled that ship for 60,000 miles. Тһе satisfactory 
performance of hafnium control rods has resulted in the use of haf- 
nium in a wide variety of water-cooled reactors including the Ship- 
pingport pressurized water reactor. 

Since hafnium was not discovered until 1922, its history is short 
compared with that of most other elements. Although zirconium 
was discovered in 1789 by Klaproth, and elemental metallic zirconium 
was made by Berzelius in 1824, there is no indication that these early 
investigators suspected that there was about 2 percent hafnium in 
their zirconium. However, in view of the chemical similarity of 
zirconium and hafnium and the lack of X-ray analytical techniques, 
it is not surprising that hafnium went undetected by these early 
investigators. 


1Naval Reactors, USAEC, Washington, D.C. 
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In France in 1911, George Urbain [1] announced the discovery 
of a new element which he erroneously thought was element number 
72. Urbain’s claim, which was never widely accepted, touched off 
around of claims and counter-claims and the matter was not finally 
settled for some time. 

Between 1911 and 1922, it was deduced that element 72 was sim- 
ilar to titanium and zirconium and that it might be expected to occur 
with zirconium ores. George de Hevesy (von Hevesy) is credited 
with discovering hafnium in 1922. 


Early History of Hafnium 


In 1911, Urbain presented evidence to indicate that a material 
һе had separated from rare earth ores was а new element, and he 
called the new element “celtium.” Since this new material had 
properties intermediate between lutetium and yttrium, Urbain sug- 
gested that celtium was a rare earth. In 1922, after a long period 
of military duties, Urbain resumed his search for element 72 using 
X-ray techniques. At Urbain’s suggestion, in 1922, A. Dauvillier [2] 
using an improved X-ray technique, observed two faint lines in 
Urbain's original material. Dauvillier announced that the material 
(Urbain's original material) contained element number 72 and that 
these new X-ray lines could be assigned to no other element. 


Hafnium and the Periodic Table 


In the latter half of the 19th century, Dmitri Mendeleev presented 
to the Russian Chemical Society his famous paper on “Тһе Relation 
of the Properties to the Atomic Weights of the Elements." In 
Mendeleev's periodic table, titanium, zirconium, cerium, and thorium 
were presented as homologous elements in Group IV. А serious 
search for hafnium does not appear to have been prompted since 
cerium (which can have a valence of four as does zirconium) was 
listed in Group IV following zirconium. From a modern stand- | 
point, Mendeleev's periodic table was confused because atomic 
weights instead of atomic numbers were used for classification and 
because the role of the rare earths was not understood. 

А second significant contribution to understanding the periodicity 
of the elements was the arrangement of the elements by electronic 
structure. Julius Thomson, in 1895, presented the first outline of 
electronic structure. This concept of periodic structure was clarified 
by Neils Bohr in 1999 [3]. In this arrangement of the atoms on 
the basis of electronic structure, it was unmistakably clear that there 
should be an element number 72 which had not yet been discovered. 

А discovery which greatly facilitated the actual identification of 
element 72 was made by Henry Moseley, who determined, about 
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1910, that the atomic number is inversely proportional to the square 
root of the wavelength of a given line-group in the X-ray spectra 
emitted from the various elements. At that time, elements 43, 61, 
72, 75, 85, 87, and 91 in the periodic table were undiscovered. 
Element 72 (hafnium) was the first of the elements to be discovered 
using Moseley's X-ray relationship. 


De Hevesy’s Discovery 


At the suggestion by Bohr that element 72 should be found in 
quadrivalent zirconium rather than in the generally tetravalent rare 
earths, Dirk Coster and George de Hevesy looked in zirconium ores 
for the new element. In January 1923, they announced? that they 
had discovered element number 72 and named it “hafnium” in honor 
of Copenhagen (Latin “Hafnia” is the word for Copenhagen). The 
element number 72 was named for Copenhagen because Coster and 
de Hevesy were associated at the time with the Institute of Theo- 
retical Physics in Copenhagen. (It is interesting to note that 
neither Professor Coster nor Professor de Hevesy was Danish. 
Coster was from the Netherlands and de Hevesy was from Hungary.) 

Coster and de Hevesy’s first paper [4] identified six prominent 
X-ray lines that conformed exactly to theoretical predictions made 
on the basis of Bohr’s and Thompson’s electronic theory. In the 
same paper they stated that the material observed by Urbain and 
Dauvillier could not. have been element number 72 since the wave 
length of the X-ray lines differed by more than experimental error 
from theoretical predictions and from the lines that Coster and 
de Hevesy had actually observed on their zirconium sample. Coster 
and de Hevesy also indicated that the two extremely faint X-ray 
lines which were observed by Dauvillier provided only a questionable 
indication of the presence of hafnium. 

Following the claim by Coster and de Hevesy for discovery of 
hafnium as element number 72, a vigorous debate lasted for almost 
two years. Urbain and Dauvilher checked the spectra obtained from 
their gadolinite with those obtained from a zirconium sample con- 
taining hafnium and asserted that the lines were identical. Dauvillier 
also claimed that his techniques had greater sensitivity than did 
those of Coster and de Hevesy. In 1923, Dauvillier admitted that 
his earlier values differed from theoretical predictions, but held 
that the difference was within experimental error and that redeter- 
mination of the lines brought his original values closer to theoretical. 
In response to the objection that it would be extremely unlikely for 
hafnium to accompany rare earths in the mineral form, Urbain 


2 This article appeared in January 1923 while the actual discovery occurred іп 1922. 
Consequently, the date for discovery of hafnium is taken as 1922. 
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pointed to analyses which showed that ytterbium, zirconium, and 
hafnium were found as major constituents in the minerals alvite 
and malacon. No data were reported, however, which indicated 
that zirconium occurred with any rare earth other than ytterbium? 

The additional evidence of Urbain and Dauvilher was strongly 
disputed by Coster and de Hevesy and their supporters. Werner 
and Hansen [5] showed that the spectral lines observed by Urbain 
in 1911 coincided not with those of hafnium but with those of 
lutetium observed by Eder in 1915. Werner and Hansen also ob- 
served that none of Urbain’s spectral lines occurred in the spectrum 
of specimens containing 90 percent hafnium. It is significant that 
Moseley and Urbain had also examined rare earth residues sup- 
posedly containing the new element and could find X-ray lines 
attributable only to ytterbium (number 70) and lutetium (number 
11) and not to element 72. It was also noted that, upon re-examina- 
tion of optical spectra of zirconium back to 1910, hafnium lines 
were present as weak lines in the zirconium spectrum. 

In 1994, the Fourth Report of the German Atomic Weight Com- 
mission announced *hafnium" to be the preferred name of element 
number 72 with Coster and de Hevesy as discoverers. This pro- 
nouncement appeared to have settled the issue, and thereafter 
“hafnium” was the name given preference by all scientists except 
those in France. The name “celtium” appears to have been used by 
French scientists until 1949. In 1949, at the 15th Conference of the 
International Union of Pure and Applied Chemistry, an attempt 
was made to settle the names of controversial elements and “hafnium” 
was recommended as the name for element 72.4 Apparently French 
scientists have accepted this name. The periodic table in Techniques 
de L'Ingenzeur (Editor C. Monteil) traditionally used celtium for 
element 72, but in 1952, this handbook showed hafnium in the 
position of element 72. 


Early Work on Hafnium 


Concurrent. with the discovery of hafnium, attention was given to 
the question of how much hafnium could be expected to occur with 
zirconium. Between 1923 and 1928, ores were reported with hafnium 
contents varying from 0.17 percent (in a Brazilian mineral) to 
60 percent (reported in thortveitite) of the combined zirconium and 
hafnium assay. These ratios are extremes, and de Hevesy observed 
that most zirconium ores showed a hafnium-zirconium content of 


3 The mineral beckelite contains Y, Ce, La, Nd, Pr, Zr, and Hf. 

4 At the same conference, the name niobium was accepted over columbium for element 
number 41, beryllium over glucinium for element 4, and wolfram over tungsten for 
element number 74. In addition, the official names for elements 93-96 were accepted as 
neptunium for 93, plutonium for 94, americium for 95, and curium for 96. 
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2 to 8 percent. It is interesting to note that several investigations 
in the latter half of the 19th century suspected the presence of a 
heavier unknown element in zirconium ores, but none of these claims 
was ever substantiated. This confusion probably resulted from the 
fact that both uranium and thorium sometimes occur with zirconium 
ores [6]. | 

The first. articles оп the isotopic content of hafnium were pub- 
lished in 1935. Other articles followed, and by 1944 [7] the values 
were in substantial agreement with those being used today. De 
Hevesy and Levi first noted that neutron bombardment produced 
radioactivity in hafnium and suggested a half life of 55 + 7 days 
for hafnium 181 (compared with the 46-day half life which is the 
currently accepted value). 

An observation was made by Lee in 1928 [8] that ores containing 
zirconium and hafnium were generally radioactive in proportion to 
the amount of hafnium present. He suggested that this resulted 
from the presence of uranium and thorium which he considered to 
be isomorphous with hafnium. 

The first “hafnium free” zirconium was produced by Coster and 
de Hevesy in 1923. The hafnium content was reduced until it could 
not be observed in the zirconium by X-ray techniques. As a by- 
product of this technique a Hf-50 percent Zr material was produced. 
De Hevesy and Jantzen, in 1923, produced a sample of hafnium 
metal containing 99 percent hafnium. The work on separating the 
two materials was pursued enthusiastically for the next 10 years 
with a large number of patents being obtained for separation tech- 
niques. Principal methods for separation were fractional crystalliza- 
tion techniques using sulphates, halogen compounds, complex ox- 
alates, sodium hydroxide, and phosphates. A survey of separation 
techniques is given in Chapter 2. 

Methods of purifying hafnium and producing ductile metal were 
first published in 1925. De Boer and van Arkel suggested that 
hafnium could be produced by the thermal decomposition of hafnium 
iodide on a heated filament (crystal bar process). In 1925, a patent 
was obtained for producing hafnium by this process. In 1930, 
de Boer and Fast converted hafnium dioxide to metal by calcium, 
magnesium, and sodium reductions and subsequently used the crystal 
bar process to obtain ductile hafnium. 

Early determinations of the atomic weight were hampered by the 
presence of zirconium, and the first estimate, published in 1923, was 
180. This value was obtained by extrapolation using a sample con- 
taining 6 percent Zr. In 1927, the weight of 178.6 was agreed upon 
by the Committee on Atomic Weights. The internationally accepted 
value today is 178.5. 

519561 О--60---2 
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Recent History of Hafnium 


Hafnium is obtained from zirconium ores. In general, the per- 
centage of hafnium in zirconium ores is about 2 percent by weight. 
The use of zirconium as a structural material in nuclear reactors 
required practically complete elimination of hafnium in order to 
realize the low neutron absorption cross section (0.18 barns) of 
hafnium-free zirconium.’ Although a goal of reducing the hafnium 
content. to 0.1 percent. was established, the best methods were tedious 
and would not reduce hafnium levels below 0.5 percent without 
difficulty. Research work was expanded to meet the challenge, and, 
in 1949, over ten organizations were working on zirconium-hafnium 
separation methods. One method has proved to be excellent—ex- 
traction of hafnium salts from an aqueous liquid into an organic 
liquid—hexone. In 1950, this liquid-liquid extraction process was 
set up at. the Y-12 site, Oak Ridge, Tenn., to remove hafnium from 
zirconium. Despite difficulties with equipment, the process proved 
capable of producing zirconium with less than 0.01 percent hafnium. 
The process was classified and remained so for over 5 years, which 
prevented its disclosure in the open literature. A complete descrip- 
tion of this process and others is presented in Chapter 2. In addi- 
tion to separation studies, some work was undertaken at Oak Ridge 
to make pound quantities of ductile hafnium metal using calcium 
reduction in a small steel vessel or *bomb." 

In October 1950, A. Radkowsky, of the Naval Reactors group, 
calculated that the high resonance neutron capture cross section would 
enhance the value of hafnium as a control rod material. These 
studies were confirmed at Argonne National Laboratory by experi- 
mental comparison of the control worth of a small piece of metallic 
hafnium with a corresponding piece of silver-cadmium alloy. Іп 
1951, when it was decided to use the discarded byproduct hafnium 
hydroxide from the Oak Ridge separation process to make the 
control rods for the prototype of the Nautilus reactor core, emphasis 
was placed on the production of hafnium as well as zirconium metal. 

The first step in obtaining large amounts of hafnium was the 
adjustment of the hquid-liquid separation process to produce a 
higher hafnium-to-zirconium ratio in the side stream (the main 
stream was zirconium with about 0.01 percent hafnium). Тһе side 

5It is interesting to note that prior to 1947, the thermal neutron absorption cross 
section of zirconium was thought to be about 2.5 barns [9]. In 1948, workers at Oak 
Ridge National Laboratory reported a zirconium eross section of 0.4 barns and established 
that the discrepancy was due to the presence of hafnium which has a cross section of 


105 barns for thermal neutrons. Later, when purer zirconium was available, the cross 
section was measured to be 0.18 -- 0.02 barns (101. 
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stream was adjusted so that the metal content. was about 95 percent 
hafnium, the major metallic impurities being zirconium, titanium, 
and iron. | 

The hafnium oxide resulting from the liquid-liquid extraction 
process was reduced with magnesium at the Bureau of Mines station 
at Albany, Oreg. Magnesium reduction (called the Kroll process 
in honor of William J. Kroll), which was being used exclusively for 
production of zirconium sponge, was found to work well with 
hafnium. Because of the oxygen and other impurities in the Kroll 
sponge hafnium, it was necessary to refine it further by the crystal 
bar process (as was also necessary for zirconium sponge in 1951). 
Тһе resulting crystal bar hafnium metal is easily melted and worked 
by processes established for zirconium. 

The production of hafnium and zirconium since 1948 is presented 
in Table 1.1. It can be seen that production of hafnium metal rose 
from 3,100 pounds in 1952 to about 20,000 pounds in 1958, and the 
price of hafnium has decreased steadily as production increased. 
There are several reasons why the production of hafnium shown in 
Table 1.1 is considerably less than the amount which is available 
(1.8 percent) in the zirconium ores now used. First, the losses in 
the crystal bar process materially reduce the quantity of hafnium 
produced, whereas these losses do not occur in the direct melting 
process used in zirconium production. Furthermore, the processing 
time is longer. When production is expanding this factor is im- 
portant since hafnium production would tend to be limited by the 
previous year's zirconium production. 

In the case of zirconium, it was possible to eliminate the need for 
the iodide process. At this writing, the iodide process is still being 
utilized in the production of hafnium. However, it appears that 
improvements in the Kroll process and subsequent melting in high - 
vacuum may supplant the 1odide process in the near future. 

As can be seen from the above, the development of hafnium has 
paralleled that of zirconium because of the similarities of their 
properties and their applications. А complete account of the work 
done on development of zirconium and a description of its properties 
are recorded in the Metallurgy of Zirconium [9]. No attempt has 
been made in this book on hafnium to duplicate any of the material 
in that reference. 


8 THE METALLURGY ОЕ HAFNIUM 


TaBLE 1.1—PRODUCTION OF ZIRCONIUM AND 


HAFNIUM 

Price per Pounds of Price per 

Calendar year /|Pounds of reactor| pound of | hafnium crystal | pound of 

grade zirconium | zirconium hafnium 
crystal bar 
1988. 1, 000 $300 les soe ela aaa tes ae 
1949--------- 3, 000 О РО ы а ыса 
1950--------- 10, 000 ая ерак 
1951--------- 29, 000 DU [ouo esteem aua 
1952: ous 51, 000 40 3, 100 $93 
1953. ........ 200, 000 12 5, 000 70 
1954. ........ 310, 000 13 7, 800 53 
1955. ........ 330, 000 13 4, 906 46 
1956--------- 475, 000 13 6, 900 57 
1957--------- 1, 080, 000 11 12, 700 52 
1958--------- 2, 000, 000 8 18, 100 40 
1959--------- 12, 200, 000 17 125, 000 139 

1 Estimated. 


12 NUCLEAR PROPERTIES OF HAFNIUM 
By A. Radkowsky,? D. N. Schmoker,® and J. J. Sullivan $ 


Nuclear Cross Sections 


Naturally occurring hafnium is composed of six stable isotopes 
and has a gram atomic weight of 178.5 grams. Natural hafnium has 
а microscopic thermal (0.0253 ev) neutron absorption cross section of 
105+5 barns and a scattering cross section of 82-2 barns. Table 1.2 


TABLE 1.2—STABLE HAFNIUM ISOTOPES 


[11, 12, 13] 
Approximate 
Isotope Percent Се (0.0253 ev) Barns | Contribution 
Abundance in Barns to e, 
of Natural Hf 


— —— —M— 





HIN саса ый 0.18 | 1500+ 1000 2.7 
ІШІНЕ; ыы ырш 5.15 | 15+15 С. 8 
НЙ етте кенен 18. 39 | 380--30 69. 0 
НР ыссы кылд 27. 08 | 75--10 20. 3 
Іі ЖЕТЕТІН 13. 78 | 65415 9.0 
HIN. sed 35. 44 | 14+5 5.0 


6 Naval Reactors, USAEC, Washington, D.C. 
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gives the cross section of each stable isotope in natural hafnium and 
gives the approximate contribution of each isotope to the total 
absorption cross section of natural hafnium. 

It can be seen that the isotopes Hf-177, Hf-178, and Hf-179 ac- 
count for approximately 100 barns of the thermal neutron absorption 
cross section of natural hafnium. 

Several unstable isotopes of hafnium exist. Table 1.3 lists those 
isotopes which have been identified. The absorption cross sections 
of these unstable isotopes are unknown. 


TABLE 1.2—UNSTABLE HAFNIUM ISOTOPES (14, 15) 


Isotopes Half Life Mode and Energy of Decay 
Hfro _ | ....- 1.87 ВЕ 2.4 теу В. 
Нїїп_________. 16 lE ors k electron capture, 1.02 and 0.63 mev «'s. 
Hf 222 iS, ЕН К electron capture, 0.28 and 0.08 теу «'s. 
Н: ot 2222222 23.6 hr........- k electron capture, 0.3 and 0.12 теу гу”. 
НВ. 20:0. И Пе k electron capture, 0.343 and 0.089 теу y’s. 
ІННЖ — 19в8_---------- internal conversion, 0.16 and 0.22 mev «'s. 
іНПЖ 2 5.5 оо o laci isomeric transition, 0.57 and 0.44 mev «'s. 
Нїї__________ 46 4_---------- 0.41 теу В; 0.13 and 0.48 mev «'s. 
НР 2 64 m..........- 1.4 теу В; 1.75 mev y’s. 


1 Hf'** and Hf!** refer to isomeric states which decay to stable hafnium isotopes of the same mass. This 
permits the identification of these isotopes by activation analysis. Тһе Hf'® isotope is one of the few even- 
even nuclei that have a metastable state. 


As can be seen in Figure 1.1 [11, 16, 17, 18] the resonance structure 
of hafnium is quite profuse. Seven resonance peaks of high cross sec- 
tion have been identified between 1.0 and 10 ev. When the cross sec- 
tion is considered to be a function of the logarithm of the energy, the 
resonances become more dense in the region 10 to 100 ev ; however, the 
peak cross sections are only about 100 barns or less. The level 
parameters for resonances between 1.0 and 15 ev are listed in Table 
14. In Table 1.4, Гу and Г, are the level widths representing the 
probabilities of the emission of photons and neutrons respectively by 
the compound nucleus in a specific quantum state. Г, —I,/E, 
is called the “reduced” neutron width. 
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TABLE 1.4—PRINCIPAL ABSORPTION RESONANCES (11, 19, 20] 


Peak 
Energy (ev) Isotope Absorption ry Ге Гао 
Cross Section | (Aillivolts) (Millivolts) (Millivolts) 
(Barns) 
1.1+0.002______ Hf!" 4,950 | 6742 2.1--0.5 2.0--0.5 
2.38  0.01----_- Hf” 5, 800 | 6041 9.1--0.2 5.90 +0.13 
5.69 + 0.05_____. Hf? 1, 400 |.......... 4.2 + 1.3 1.8--0.6 
§.9+0.01_______ Hf!" 1,100 1-24 5.1--1.5 2.1-- 0.6 
6.6+0.1-------- нт 7, 200 | 44--20 11--3 4.3 + 1.3 
1.8 +0.1-------- Ні! 9, 700 |.......... 49 + 3 17.5 + 1.0 
8.8+0.1-------- Hf!” 7, 400 | ecc 8+3 2.7 1.1 
18.7+0.2___-_.- нї |” 190 Lieu нышы 0.67 + 0.08 0.18 + 0.02 


Hf-177, the large thermal absorber, possesses most of the resonance 
peaks including the first two thermal peaks. The odd-N isotopes 
(Hf-177 and Hf-179) have a smaller level separation than the even-N 
isotopes. Hf-177 has an average level separation of about 3 еу, 
and Hf-178 has an estimated level separation, of about 100 ev. 
Resonance scattering levels have been identified at about 6.7 ev for 
Hf-177 and about 7.6 ev for Hf -178 [19]. Аз shown in Figure 12 
[21, 22], the hafnium total cross section remains constant at about 
Т barns in the range of 1 to 3 теу. 

For quick nuclear calculations involving natural hafnium, the con- 
stants listed in Table 1.5 may be of help. It should be noted that 
the values given are at 25° C, and, if Table 1.5 is to be used for 
calculations at elevated temperatures, suitable adjustments must be 
made on the listed values. 


TABLE 1.5—NUCLEAR PROPERTIES (25°C) 





Atomie WILD ess uoo ааа ве CE E 178.5 
Density, АИИ НИР toe eet дерма Ы ан быны Аа ie 13.09 g/cc at 20°C 
TNC TO ее: С TOF ca Sa i ее 0.044 
Average logarithmic energy decrement,  ----------------- 0.0113 
Tota! cross section, в,(0.0258 еу)——---------------------- 113 barns 
Scattering cross section, о, (0.0258 еу)------------------- 8 barns 
Absorption cross section, о. (0.0258 еу)------------------ 105 barns 
Macroscopic total cross section, 2, (0.0258 еу)------------ 5.1 етт! 
Macroscopic scattering cross section, У, (0.0253 ev)_______- 0.36 сіп”! 
Macroscopic absorption cross section, Z4 (0.0253 ev) _-____- 4.7 cm“! 
Mean free path (all reactions), А,-—----------------------- 0.196 cm 
Scattering mean free path, А,-——------------------------- 2.78 cm 
Absorption mean free path, Ал--------------------------- 0.21 cm 
Slowing down power, No,f{_..__.---_-------------------- 0.004 
Moderating ratio, cat DUDEN AOL о А ш эе ее 0.001 
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Nuclear Changes 


Natural hafnium has an advantage over many other highly neutron 
absorbing elements, such as boron, in that its absorption cross section 
does not decrease markedly after long periods of irradiation. This 
is true since the existence of successive hafnium isotopes with large 
absorption cross sections permits the neutron absorption by one 
hafnium atom to result in the formation of a new hafnium isotope 
which also has a significant absorption cross section. The major 
cause of decreased absorption in irradiated hafnium is the burnup 
of the Hf-177 isotope which has the greatest thermal and resonance 
cross sections. The important transmutations occurring during 
hafnium irradiation are: 


Ні" 4+n—->Hf'8+4+ y 
Hf'5-- 4 Hf'?*-L у, НЁ?* 5 Hf'?--4 
Hf'?--a Hf!**-- y, Hf'** қолай Hf’ у 


where Hf'?* refers to the excited state of Hf-179, and НЁ®* refers to 
the excited state of Hf-180. "This production-destruction process i 
characterized by the following coupled differential-integral equations: 





н (7 
A A Í f: NE! об” УЫ), E) dj dE 


p ама” і е "mE 
dE. uu JN (3) 9а"  (E)8(3,E) dj dE 


ин” үн” | 
di T) E N^!" 5) s 8t Cz) GE) dj dE 





where 


7=2,y,2 refers to the position coordinates in the reactor, 

КЕ” refers to the number of Hf-177 nuclei per cc etc., 

он!" (Е) refers to the microscopic cross section of Hf-177 as a function 
of E, the incident neutron energy etc., and 

Ф(7,Е) is the energy- and space-dependent neutron flux. 


If the spatial distribution and the energy spectrum of the neutron 
flux were known, and if the isotopic distribution of thé hafnium 
were also known, the isotopic depletion and production could b 
computed for each spatial point. Тһе resulting isotopic distribution 
could then be used to generate the succeeding distribution and so o 
to determine the burnup condition after a given amount of irradia 
tion. General figures for burnup percentages cannot be given sinc ЁК 
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they depend on (a) flux distribution and spectrum, (b) the change 
in the hafnium absorption cross section with moderator temperature, 
and (c) the variation of the irradition flux with time (in a reactor 
with constant power output the flux usually increases with lifetime 
due to fuel depletion). 

The depletion data listed in Table 1.67 apply to a reactor in which 
the average thermal flux throughout lifetime in a hafnium control 
rod is about З x 10:3 n/cm?-sec. 


TaBLE 1.0—HAFNIUM DEPLETION AND TRANSMU- 
TATION [23] 


Fraction of isotope destroyed ! | Fraction of isotope remaining 2 
(including production) 


Isotope 
5 x 10? nvt 5х 1021 nvt 5х 10? nvt 5 x 10!! nvt 
НИЯ: 22... 0. 087 0. 166 0. 913 0. 834 
Hfrs 2. 0. 0157 0. 0314 1. 04 1. 08 
Hf"... 2. 0. 0154 0. 0308 1. 01 1. 03 
Hf! 2 22.. 0. 0023 0. 0046 1. 01 1. 01 


1 Ratio of the number of the particular isotope destroyed to the original number 
of the particular isotope. 

2 Ratio of remaining plus transmuted isotopes to the original number of the par- 
ticular isotope. 


After an nvt of 102 (one year of continuous operation at the 
assumed flux), the a/o of each isotope present would be such that 
the rod would be worth about 95 percent of its original value. 


Effectiveness of Hafnium as a Control Material 


Although hafnium has been considered for use as a burnable poison 
and as a local flux suppressor, the principal use for hafnium in a 
reactor has been as a control rod material. Тһе nuclear advantages 
of hafnium as a control rod material are (a) it does not decrease 
appreciably in worth upon irradiation, and (b) it absorbs both 
thermal and epithermal neutrons. Because of the appreciable 
resonance capture in hafnium, it has been found that its rod worth 
in a given core position does not decrease as much as an equivalent 
thermal absorber with an increase in core fuel loading (1.е., the 
spectrum shift to higher energies with increasing core blackness 
does not cause а large reduction in the effective hafnium cross 
section). | 

The control worth of a particular material at position x in the 
reactor depends on the product of the probability that a neutron 





‘The data in Table 1.6 were calculated using the total absorption effectiveness (A). 
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of energy E and position x will be absorbed by the material and the 
importance function (1.е., the weight that a neutron of energy E and 
position x will have in reproducing the neutron population after a 
large number of succeeding generations). Some indication of the 
effectiveness of a control rod material may be obtained by determin- 
ing the total absorption of neutrons of all energies. If it is assumed, 
as is approximately true in most cases, that the material is a 1/v 
absorber except at nonoverlapping resonances which follow the 
Breit-Wigner law, the absorptions fall into the following three 
classes: 
(1) the 1/v absorption of the thermal flux, 
(2) the 1/v absorption of the epithermal flux, and ` 
(3) the resonance absorption of the epithermal flux. | 
If we assume the material is in a thermal flux which has a Max- 
wellian distribution for the thermal region which extends up to E, 
and a 1/Е epithermal energy distribution above Е,, it can be shown, 
for а slab geometry [23, 24], that the total absorption, А, can be 
given as: 


A=1/2F (y) - CF (2) HENNI у Veo () 


where the first, second, and third terms correspond to the above 
absorption classes а, b, and с, respectively, 


у= Nto th 
x= № (E) , 
(—the thickness of the control rod slab (cm), 
c,=fractional abundance of the isotope with the resonance cross 
section, 
со: = absorption cross section at the resonance peak, 
lIy,—capture width of the 2” resonance, and 
Ғ.(у) and Е,(т) are complicated functions of y and х, respectively 
(see Tables 1.7 and 1.8 for characteristic values). 

С is a constant which is related to the ratio of the average thermal 
neutron flux to the average epithermal flux and is therefore a charac- 
teristic of the particular reactor considered. This constant must be 
determined empirically; for ZPR-1 C was found to be 0.55. . 

Equation (1) was tested by a comparison of the measured and the 
calculated effectiveness for a number of control rod slabs, and the 
results are shown in Table 1.9. 


TABLE 1.7--THERMAL NEUTRON ABSORPTION FACTOR 


y=Ntotr 1/2 Ғі(у) 
1 0. 37 
2 0. 44 
3 0. 47 
4 0. 48 
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TABLE 1.8—EPITHERMAL NEUTRON ABSORPTION FACTOR 





z= Nto(E) Fs(1) 
1 1. 2 
2 1. 8 
3 2.2 


TABLE 1.9—COMPARISON ОЕ RELATIVE ABSORPTION 
EFFECTIVENESS (24) 


Control rod materials Absorption effectiveness 
Alloy materials Thickness (in.) Cale Exp! Calc/Exp 
НЕР ӨӨ 5. доша Hf—0.10 0. 533 0. 545 0. 98 
SS—0.095 
Hi+ S88 acocico ы Hf—0.15 0. 617 0. 607 1. 02 
SS—0. 095 
Піс; Үдевмесишіндақ ада Hf—0.20 0. 656 0. 654 1. 00 
l.i vee Sees Hf—0.025 0. 686 0. 680 1.01 
Hf+Cd+Hf________.._- Hf—0.10 0. 708 0. 698 1.01 
Cd—. 02 
Hf—0.10 
Са+А1+Са___-..------ Cd—0.02 0. 50 0. 496 1. 00 
Al—0.15 
Cd—0.02 
CR Co—0.10 0. 37 0. 39 0. 95 
ысы лары а ee ee Co—0.20 0. 47 0. 49 0. 96 
Өл ИНЕК ЕМ eaten Co—0.25 0. 50 0. 52 0. 96 
Co (30%) + Ag (7092) ....| Co-+Ag—0.10 0. 590 0. 556 1. 06 
Cd (30%) + Ag (70%) ----| Cd+ Ag—0.25 0. 630 0. 654 0. 96 
о Au— 0.10 0. 521 0. 546 0. 95 
Е Au—0.25 0. 646 0. 665 0. 97 


1 From ZP R-1 (Zero Power Reactor—A water-moderated critical experiment). 


As indicated in Table 1.9, the agreement between experimental 
values and values obtained with Eq (1) is within 1-2 percent for Hf 
and Hf+Cd-Ag composite rods, and within about 6 percent for 
Au, Cd-Ag, and Co rods. This agreement would not necessarily be 
true for a reactor in which the spectrum differed markedly from the 
simple expressions assumed for the equation. 


1.3 NUCLEAR USES OF HAFNIUM 
By W. Н. Wilson * 


Hafnium is an excellent control rod material because of its neutron 
absorption properties, its corrosion resistance in hot water, and its 


8 Naval Reactors, USAEC, Washington, D.C. 
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mechanical properties. Hafnium is unique in the extent to which 
it meets the requirements for a control rod material. 

There are several ways in which a nuclear reactor may be con- 
trolled. Тһе simplest method is to insert a neutron absorbing 
material into a reactor. It is also equally feasible, from a physics 
standpoint, to withdraw fuel from the reactor core such that the 
remaining fraction of the uranium fuel would not be critical and 
the reactor would not operate. However, moving fuel presents 
numerous design problems since the fuel must be adequately cooled 
when the reactor is operating. 


General Discussion of Absorber Control Rods 


The location of absorber control rods must be such that they can 
be easily moved. The position of one control rod in the center of a 
cylindrical reactor core is shown conceptually in Figure 1.3. Nor- 
mally, the neutron flux decreases from the center to the edge of a 
reactor core due to the leakage of neutrons from the outer surface 
of the core as shown in Figure 1.4. Insertion of a central control 
rod changes the neutron flux as indicated in Figure 1.5. 

Reactor control rods are generally long metallic blades which, 
when fully inserted in the reactor, absorb a sufficient number of 


¢ 





FicUnB 1.3. Control Rod in Center of Cylindrical Reactor Core. 
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Figure 1.4. Neutron Flux without Control Rod. 


. neutrons to completely stop the nuclear chain reaction. Pulling 


r 


’ the control rods out of the reactor decreases the number of neutrons 


absorbed by the control rods and makes many more neutrons available 
for absorption by the fuel. This causes the number of fissions to 
increase, and more neutrons are produced. When the control rods 
have been sufficiently removed, the number of neutrons produced 
by fissioning is equal to the number absorbed or lost from the 
system, and the reactor is said to be “critical” or self sustaining. 
At this point, if more neutron absorber is removed by control, rod 
withdrawal, the neutron population will steadily increase at a rate 
which is а function of the amount of poison removed. 

The power level, which is proportional to the neutron density, is 
allowed to increase to the desired value, and then the rods are again 
returned to the critical position to maintain the power at the chosen 
level. 

Throughout core lifetime, the reactivity of the reactor core will 
change due to such effects as the depletion of fissionable atoms and 
burnable poison atoms and the buildup of fission product poisons. 
Thus, іп order to compensate for these lifetime effects, it is necessary 
to move control rods throughout the life of the reactor. In par- 
ticular, the contro] rods also serve to compensate for changing xenon 
concentrations in the core. The xenon, which is a strong neutron 
absorber, results from the decay of iodine atoms produced by fission- 
ing of uranium atoms. 
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FIGURE 1.5. Neutron Flux with Control Rod. 
Nuclear Effectiveness of Control Rod Materials 


There are à number of elements with high neutron absorption cross 
sections which have been considered as possible control rod materials. 
The control worth of various materials is given in Table 1.10. As 
can be seen, combinations of elements are often more effective in 
controlling reactors than are the individual elements. Specifically, 
in the case of silver-indium-cadmium, the nuclear resonance absorp- 
tion cross section of silver and indium augment each other so that 
neutrons are absorbed over a wide range of neutron energies, and 
the cadmium increases the effectiveness of the alloy for absorbing 
thermal neutrons. Тһе result is that the alloy is superior as a 
control material to any one of its three constituent elements alone. 

Hafnium is much more effective than is indicated by its thermal 
neutron cross section of 105 barns because of its ability to absorb 
neutrons above thermal energies. This effect, known as resonance 
energy absorption, roughly doubles the effectiveness of hafnium as 
a neutron absorbing material. 

In addition, hafnium has a further favorable property as a control 
rod material in that its worth changes relatively slowly with irradia- 
tion; when a hafnium atom absorbs a neutron, a new, highly absorb- 
ing hafnium isotope will usually be formed. This resistance of 
hafnium to depletion is very fortunate. 
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TABLE 1.10—MEASURED CONTROL WORTH OF VARIOUS MATERIALS 


Worth rela- 
Amount of principal tive to 
Materials poisons (10/0) hafnium 
Boron-stainless steel. _______ 3.0% BY_____ 1. 13 
Boron-stainless steel........ 29058 . 1. 08 
Boron-titanium-hafnium..... 1.0% Bi? 2. 1. 00 
Нар ое. лье bir 1. 00 
Silver-indium-cadmium...... 75% Ag, 20% In, 1. 03 
5% Cd 

Boron-stainless steel... ____ _ 0.97% Вю________- 0. 97 
Boron-titanium............. 1.0% BM... scu 0. 96 
Eu,O;-stainless steel......... 15% Eu;0,. ....... 0. 94 
а быз аз 22) а eos hee ео 0. 93 
Silver-cadmium. ........... 70% Ag, 30% Cd.. 0. 92 
Ай Edu MR nae 0. 88 
С амазкыршыенн ДЕ шз 0. 88 
Gadolinium-titanium........ 8.7% Gd. . ........ 0. 73 
Eu,0;-stainless steel......... 4.1% Eu;0,........ 0. 73 
Sm,0O;-stainless steel. ....... 2.7% Sm0$,. ...... 0. 71 
Haynes-25 alloy............  .................. 0. 66 
Titanium. cucine en амалы T eds 0. 30 
Stainless steel (Type 304)....  .................- 0. 24 
Aluminum (Туре 28)... .... --_--------------- 0. 072 
Zirealoy-2.. оаа. а БЕМА ш оа 0. 049 


Notes: 

1. The control worth of any material is dependent upon the neutron spectrum of the reactor which, in 
turn, is a function of the reactor design parameters. The control worths given in the above table were 
measured in a critical assembly having a spectrum typical of many types of light water-moderated reactors 
containing highly-enriched uranium fuel. 

2. Relative worths are based on 2 x 2 x 0.2-in. specimens. 

3. Samples were measured in a slab critical assembly. 


The ability of other materials to remain effective after long use 
is outside the scope of this book but will be covered fully in the 
forthcoming book on Neutron Absorber Materials for Reactor Con- 
trol [95]. 


Other Properties of Control Rod Materials 


In addition to the nuclear effectiveness discussed in the preceding 
section, it 15 necessary that useful control rod materials meet other 
requirements. These requirements may be particularly severe since 
the control rods are usually the only movable parts in the reactor 
core. A control rod must not bend or jam and must possess a high 
degree of corrosion resistance in order to limit the amount of radio- 
active material released to the reactor system by corrosion attack. 
It would be serious for a quantity of the poison material to be re- 
moved from the rods by corrosion since that could decrease the 
amount of available control in the core significantly. Plating or 


519561 O—60——_3 
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cladding the poison material may not provide adequate corrosion 
protection since, if small manufacturing defects existed or if the 
surface protection were penetrated by rubbing, wearing, or erosion, 
exposure of the poison material to the coolant would result in loss 
of control rod material. 

А number of considerations are involved in the mechanical design 
of control rods. Тһе physical dimensions and the total number of 
control rods are arrived at by consideration of the nuclear design 
of the reactor as well as the mechanical design of the reactor core, 
the control rod drive mechanism, and the required penetrations of 
the pressure vessel head. It is necessary here to point out only the 
general nature of the mechanical design considerations for the con- 
trol.rod itself. Lateral temperature gradients exist in the control 
rod as а result of variations in gamma heat generation and cooling. 
These gradients, which cause the rod to distort, are minimized by 
assuring ample cooling capacity by the coolant passing around the 
rod and by avoiding nonuniform sections. Material properties 
favoring minimum thermal distortion are high elastic modulus, high 
thermal conductivity, low thermal expansivity, and low density. 
The control] rod is normally supported only at the upper end. 
Therefore, deflection of the lower end could be appreciable if the 
flow of coolant past the rod were nonuniform. In this connection, 
a high elastic modulus is desirable. Gross deflections are prevented 
by the rubbing shoes located near the lower end of the rod. "The 
rod is subjected to shock loading when it is scrammed. Іп this 
connection, а high yield strength and ductility are favorable, but 
it is necessary to resort to full-scale shock testing in order to estab- 
lish the adequacy of the control rod. In mobile reactors both 
vertical and lateral shock can be imparted to the control rod. 

The nuclear, strength, and corrosion properties must be retained 
during the life of the reactor core. This means that the high cross 
section isotopes must not deplete excessively during use and that the 
mechanical and corrosion properties must not be damaged excessively 
by corrosive attack or by irradiation. The availability and cost of 
the control rod material must be acceptable. Тһе material must be 
capable of being fabricated to precise dimensions. 

This section and the sections to follow reflect the fact that the 
principal application of hafnium is as a control rod material in 
water-cooled nuclear reactors. Use in other types of nuclear reactors 
would require different mechanical and corrosion properties. For 
example, higher strength at elevated temperature would, in general, 
be required for the control rod material in gas-cooled or liquid metal- 
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cooled reactors. To take advantage of the nuclear properties of 
hafnium in such a case, it may be necessary to develop hafnium 
alloys having the required mechanical properties and resistance to 
attack by the coolant or to use refractory compounds of hafnium. 


Comparison of Control Rod Materials 


There are very few materials which meet the requirements for a 
control rod material described thus far. A few pertinent properties 
of elements having high neutron absorption are listed in Table 1.11. 

Lithium and mercury-rich materials have been dropped from con- 
sideration in mobile power reactors because no alloys or compounds 
have been found which are sufficiently stable to assure that the 
nuclear poison material would not escape from the reactor (thus 
increasing reactivity and raising power levels further) during cer- 
tain reactor transients. Cadmium and indium cannot be used alone 
for the same reasons, but it has been found that these elements, 
when alloyed with silver, result in a sufficiently stable material to 
warrant consideration for control rods in water-cooled reactors. 
Considerations of price, availability, and very high induced radio- 
activity prevent serious consideration of gold, rhodium, rhenium, 
iridium, and cobalt. 

Therefore, the elements listed in Table 1.11 which can seriously 
be considered for control rod application are boron, silver, silver 
alloys, rare earth elements, and hafnium. 

Complete coverage of control rod materials is planned for the 
forthcoming book on Neutron Absorber Materials for Reactor Con- 
trol [25]. However, the following section will show briefly how 
these four materials compare. 


Boron Materials 


Boron-containing materials of interest for control rods are alloys 
such as stainless steel-boron, dispersions of B,C, and ceramic bodies 
such as high-density boron carbides. As indicated in Table 1.11, 
when boron absorbs a neutron, it releases an alpha particle and 
becomes lithium-7T. The alpha particle is, of course, a helium nucleus. 

Hence, for every boron atom destroyed, a helium atom is formed. 
In other words, if an alloy with one atom percent boron-10 is in a 
reactor long enough for all the boron atoms to absorb neutrons, 
the resulting material will contain one atom percent helium and 
one atom percent lithium. Diffusion of helium and nucleation and 
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growth of gas bubbles may produce swelling and cracking of the 
material. In addition, the presence of lithium in stainless steel or 
zirconium reduces corrosion resistance in high temperature water. 

The problems connected with the formation of helium and lithium 
under irradiation seriously restrict the amount of boron which can 
be used and, hence, the nuclear effectiveness of the control rod ma- 
terial. Only about 0.5 percent boron-10 сап be added to stainless 
steel (or about 0.2 percent to zirconium) before the material cracks 
and loses corrosion resistance upon irradiation. As can be estimated 
from Table 1.10, such materials are not as effective as hafnium. If 
such materials were used, more or larger rods would be required 
to provide the required amount of reactor control. Additional rods, 
with their driving mechanisms, power supplies, and electrical con- 
trols, add considerably to the cost and complexity of a power reactor. 
Larger rods would complicate the design of the reactor core and its 
pressure vessel and drive mechanism. 


Silver Alloys 


The development of the silver-indium-cadmium alloys offers the 
possibility of using materials which are more available than hafnium 
and have equal nuclear effectiveness. However, silver alloys have 
low creep strength and are not so corrosion resistant as hafnium in 
high temperature water. Furthermore, silver becomes very radio- 
active during use in a nuclear reactor, and any loss of material by 
corrosion or wear would release large quantities of radioactivity to 
the water coolant. Radioactive silver has a long half life and will 
emit radiation for a long time. It has been found that these silver 
alloys are not sufficiently corrosion resistant in high temperature 
water to warrant their use in mobile power reactors without cladding 
or similar protection. 


Rare Earth Materials 


Europium has excellent nuclear properties for control rod use; 
however, it is much more expensive than other possible control rod 
materials. Тһе other rare earth elements with high cross sections— 
gadolinium, samarium,. dysprosium, and erbium—do not have suff- 
cient abundance of the highly absorbing isotopes to qualify as control 
rod materials for power reactors. 


Hafnium Control Rods 


Hafnium meets the requirements for a control rod material for 
water-cooled power reactors better than any other material in- 
vestigated. The control effectiveness shown in Table 1.10 is not only 
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high, but remains relatively high throughout reactor life because 
of the initially high abundance of high cross section isotopes and 
because additional high cross section isotopes are formed. 

The corrosion resistance of hafnium in hot water is exceptionally 
good. Unalloyed hafnium has a lower corrosion rate than the 
zirconium alloy Zircaloy-2 which is widely used because of its low 
corrosion rate. For example, the weight gains of these materials, 
corrosion tested for 44 days in 750° F steam, would be about 
6 mg/dm? for unalloyed hafnium compared with about 48 mg/dm? 
for Zircaloy-2. 

The yield strength of hafnium at 600° F is about the same as that 
of Zircaloy-2 (about 18,000 psi). This strength is adequate to permit 
design of hafnium control rods for use in water-cooled reactors and: 
assure that the rods will not deform or jam during normal operation. 
The low modulus of elasticity (14 x 10® psi) is not detrimental be- 
cause the large cross sections used in the design of control rods 
usually provide adequate stiffness to limit elastic bending even of 
long control rods. 

Some difficulty is experienced in welding hafnium to zirconium 
because of the difference in the melting points. Additional difficulty 
16 experienced in interpreting radiographs because of the marked 
difference in density. The fact that hafnium and zirconium have 
about the same thermal expansion coefficients means that welds of 
these two metals are not usually subject to severe thermal stresses. 
The ability to make strong welded joints of hafnium to zirconium 
is a distinct advantage. The inability to weld hafnium or zirconium 
to steels is a disadvantage and a mechanical joint is usually required 
somewhere between the hafnium control rod and the mechanism driv- 
ing the rod. Details of the design, manufacture, and use of hafnium 
control rods for the PWR are contained in the book, Shippingport 
Pressurized Water Reactor [30]. 

Illustrated in Figure 1.6 is a hafnium control rod used in the 
Shippingport Pressurized Water Reactor. The active length of the 
rod is 7114 inches. The location of the weld joining the 314-inch 
Zircaloy-2 cruciform extension to the top end of the hafnium section 
is clearly visible in the photographs. The rubbing shoes near the 
bottom end of the control rod are for the purpose of preventing 
gross misalignment of the control rod in the control rod channel. 
Those shown in Figure 1.6 are raised portions of the parent rod 
material formed by a coining operation. Figure 1.7 is a view of 
the top of a PWR seed fuel element cluster showing the cruciform 
control rod channel. 

The first use of hafnium as a control rod material came about in 
an interesting way. In 1950, when a water-cooled reactor using 
zirconium was chosen for the Nautilus, the proposed control rods 
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FicureE 1.6. Hafnium Control Rod for the Shippingport Pressurized Water 
Reactor. 


were 30 percent cadmium—70 percent silver alloy clad with stainless 
steel. However, during thermal cycling tests of the clad rods in 
1951, the cladding failed by blistering, indicating that the stainless- 
to-silver-alloy metallurgical bond was not sufficiently strong to with- 
stand the stresses arising from differential thermal expansion of 
stainless steel. There appeared to be no satisfactory way to correct 
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Ficure 1.7. View of the Top of a Seed Cluster of the Shippingport Pressurized 
Water Reactor Showing the Cruciform Control Rod Channel. 


this deficiency, and it was necessary to find an alternate control 
rod material. Fortunately, some hafnium metal had been рго- 
duced, and the nuclear and structural properties indicated that 
hafnium would be satisfactory. Insertion of hafnium blades in the 
nuclear mockup of the Nautilus reactor. (called the ZPR—Zero 
Power Reactor) indicated that hafnium was even better than had 
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been expected. It has since been determined that the reason for 
the increased control effect is the ability of hafnium to capture 
neutrons having energies greater than thermal energies. 

Hafnium has not been seriously considered for application to 
other than water-cooled nuclear reactors. Some types of reactors 
may operate at temperatures such that hafnium metal would not 
have sufficient strength or might not resist reaction with the coolant. 
On the other hand, ceramics or cements of refractory hafnium com- 
pounds, such as HfO,, or hafnium alloys might well prove to be 
satisfactory in applications where unalloyed hafnium cannot be used. 


Other Nuclear Uses of Hafnium 


In addition to reactor control rods, hafnium has been considered 
for use as a burnable poison and as a neutron flux depressor. 

A burnable poison is a material in which the atoms absorbing 
neutrons are transmitted to nonpoison (low cross-section) isotopes, 
and the material continuously decreases in nuclear effectiveness dur- 
ing core life. The advantage of a burnable poison is that it is not 
necessary to remove it by mechanical means during reactor opera- 
tions. Hence, by employing burnable poisons, the total amount of 
poison which must be moved by mechanical means can be decreased. 
Conversely, the endurance of a reactor with a fixed amount of 
mechanical control can be increased by the incorporation of burnable 
poisons and additional fuel. To the first approximation, the burn- 
able poison should deplete at a somewhat faster rate than the 
uranium fuel depletes so that the nuclear poison will be nearly gone 
at the end of reactor core life. The effective neutron fission cross 
section of U-235 is about 700 barns per atom. Hafnium, even with 
its strong resonance absorption cross sections, does not have this 
high an effective cross section and will not deplete as fast as the 
uranium. Therefore, some hafnium will remain at the end of core 
life, requiring additional fuel to overcome its residual poison effect. 
However, despite this disadvantage, hafnium may be a useful burn- 


able poison for very long life reactor cores because at the end of 


core life the poisoning effect of the hafnium residue decreases 
relative to the poison effect of the fission products as core lifetimes 
are increased. 

А flux depressor is а material stragically placed in a reactor 
to absorb neutrons at a particular point. Dy this means, the neutron 
flux at this point can be depressed. Hence, the peaks in neutron 
flux can be decreased, and the over-all ratio of maximum to average 
neutron flux distribution may be improved. Such neutron flux peaks 
may be caused by the presence of local high concentrations of water 
in the core [such as when a control rod is withdrawn and the water 
(coolant and moderator) replaces the withdrawn control rod]. Many 








APPLICATION OF HAFNIUM 29 


materials could be used as flux depressors, but hafnium with its 
sufficiently high neutron cross section, and excellent chemical and 
physical properties, appears to be a useful flux depressor material 
for use in water-cooled reactors. One experimental application of 
hafnium as a flux depressor is the use of hafnium sheet around fuel 
element samples tested in the Engineering Test Reactor at Arco, 
Idaho. A picture of the fuel element samples and flux depressors 
is shown in Figure 1.8. 





FIGURE 1.8. Fuel Element Samples with Hafnium Flux Depressor in Place (top) 
and Removed (bottom). 


1.44 NONNUCLEAR USES OF HAFNIUM 


Ву Е. W. Wessel? 


In speaking of uses for hafnium outside the field of nuclear 
technology, one must usually use a qualifying adjective such as 
“potential.” Hafnium has not become available except as a byproduct 
of zirconium production. While commerce in hafnium has not been 
sufficient to permit a price pattern to form, the selling price of 
hafnium crystal bar produced in excess of that associated with 
zirconium production might be many times the price of reactor-grade 
zirconium sponge. 

Three types of applications are discussed below: (а) those in 
which hafnium has been experimentally successful, (0) those in 
which hafnium might be expected to be successful on the basis of 
its known properties, апа (с) those few already successful applica- 
tions employing modest amounts of hafnium. Some of the properties 
of hafnium and hafnium compounds are listed іп Table 1.12. 


9 U.S. Bureau of Mines, Department of Interior, Washington, D.C. 
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Metallic Hafnium 


Hafnium has been successfully used in two ways as a component 
of electric light filaments; first, it has been employed in the pure 
state as a filament in gas-filled bulbs [31], and second, it has been 
used to alloy with tungsten to increase the strength of the fila- 
ment. [32]. 


TABLE 1.12—PROPERTIES ОЕ HAFNIUM AND HAFNIUM 
COMPOUNDS [33] 


Molecular | Melting Crystal form Density 
weight point (° C) 


ee 


НЕ ооо 178. 5 2222 | Hexagonal close packed... 13. 09 

HfO;....... 210. 5 2810 | Monoclinic !-------------- 9. 68 

НІС: oss 190. 6 3890 | Сибһсе-------------------- 12. 2 

Сан!О;____. 266. 5 2470 | Orthorhombic............- 5. 73 

HfSiO,..... 2410.9. suh as Tetragoliil...srlorso:lemes2le exis 
1 Up to 1700? С, 


Like its sister metals titanium and zirconium, hafnium is effective 
as a “getter” іп vacuum tubes to scavenge traces of oxygen and 
nitrogen [34]. For this purpose, it is sometimes used as an alloy 
with titanium; for satisfactory performance the alloy should be free 
of oxygen, nitrogen, carbon, and silicon [35]. 

Its high melting point and emissivity suggest its use in cathode- 
ray tubes and as an electrode in rectifiers and high pressure discharge 
tubes, both as a solid metal part and as a sprayed-on surfacing 
material. For the latter use it has been alloyed with tungsten or 
molybdenum [34, 35, 36]. 

It improves the properties of nickel-chromium resistance wire 
when added as a minor constituent. [35]. 

Hafnium powder, like zirconium powder, may be used as а com- 
ponent of flash powders and pyrotechnics and as a component of 
primers in detonating caps and ammunition [32]. 

Hafnium has been successfully alloyed with iron, nickel, cobalt, 
copper, silver, aluminum, titanium, and zirconium 1n various amounts, 
but. attempts to alloy it with lead or tin were unsuccessful [32]. 

When rubbed on unglazed porcelain, it abrades readily to form a 
bright, adherent coating and thus can be used for ceramic decora- 
tion [32]. 

Over the past 30 years, several patents have been issued on 
materials containing hafnium as an alloying addition, but none seems 
to have shown particularly promising properties. Recently, hafnium 
has been considered as an alloy addition in connection with refractory 
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metallurgy. An alloy of particular promise is niobium with 1 w/o 
Hf-1 w/o Ti-1 w/o Zr, which has a yield strength at 1,093° C of 43,200 
psi [37]. 


Hafnium Oxide 


In the range of 1,600 to 1,700? C, hafnium oxide (HfO;) undergoes 
the same inversion from the monoclinic to the tetragonal system as 
does zirconia between 1,000 and 1,100? С. Its shrinkage upon conver- — 
sion is 3.4 percent compared with 7.5 percent for zirconia [33]. 
Thus it appears that the hfe of hafnia would exceed that. of zirconia 
when used for refractory duty. This, in itself, is not hkely to over- 
come sufficiently the effect of hafnia’s high price to create anything 
more impressive than a small, highly specialized demand. 

In the production of pure tungsten for use in incandescent fila- 
ments, grain growth may be excessive. To inhibit this, a small 
quantity of hafnium nitrate may be added during the reduction of 
tungsten trioxide to metal. The process converts the nitrate to 
oxide, which remains to the extent of 0.1 to 3.0 percent as harmless 
inclusions within the metallic tungsten |99, 40, 41]. For this pur- 
pose, however, thorium salts are currently used. 

Hafnia may have some application as a catalyst in high tempera- 
ture organic reactions [31]. The dehydration of ethyl alcohol and 
the acylation of thiophene are two examples [38]. 

Much research has been conducted by Siemens and Halske A-G in 
Germany to establish the conditions for use of hafnia in ceramic 
bodies. Several patents cover this work [39]. Such refractories 
would, of course, be most valuable in high temperature applications. 

Hafnia, either as а loose grain or in shaped pieces, may have some 
potential as а heat insulator [31]. 

Like zirconia, hafnia may be used as an opacifier in enamels and 
glazes [32]. 

A special optical glass, used in high temperature service, requires 
hafnium oxide as an important constituent [32, 35]. 


Hafnium Silicate 


Hafnium silicate (HfSiO,) occurs in nature only as a portion of 
the zircon (zirconium silicate) lattice. However, it has been syn- 
thesized [33], and its properties are quite similar to those of natural 
zircon. 

Zircon is itself used as a refractory, principally by the glass and 
aluminum industries, and here the presence of hafnium silicate 
improves the performance of the zirconium silicate. The latter, when 
pure, softens in the range of 1,550-1,750° C, and any addition of 
hafnium silicate tends to raise this softening temperature |83, 42, 43]. 
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Since the linear expansion coefficients of the two silicates are quite 
similar, no difficulty is thereby introduced with the hafnium. 

Hafnium silicate also finds use as a catalyst in the dissociation of 
various aryl compounds [89]. 


Calcium Hafnate [33] 


The volume change accompanying the inversion of both hafnia and 
zirconia can be avoided, to a great extent, by “stabilizing” with 
alkaline-earth oxides. In this process, alkaline-earth hafnates and 
zirconates may be formed by heating the silicate with limestone or 
dolomite in a rotary kiln at 2,600° F; alternatively, they may also 
be formed by sintering a mixture of oxides. 

The calcium hafnate thus formed is orthorhombic. Hafnia plus 
8 percent lime forms a face-centered cubic lattice stable to at least 
1,700° C. The lattice parameter increases with increased lime addi- 
tion up to 20 mol percent, but additions much in excess of 8 percent 
cause a decrease in the softening temperature and a loss in resistance 
to thermal shock. 

The binary CaO-HfO; diagram has not yet been established, but 
sufficient work has been done to determine that it is similar to the 
СаО-7гОз diagram and that compositions in the range mentioned 
remain within a large terminal solid solution field. 

It may be concluded that, while calcium hafnate in the pure 
state has a melting point somewhat higher than refractories in com- 
mon use, its employment as the minor component of a calcium 
hafnate-hafnium oxide mixture provides for an even higher melting 
point, greater strength at high temperature, and almost complete 
. elimination of volume change at the inversion temperature. 


Hafnium Carbide 


Hafnium carbide (НІС) is a compound with a density of 12.20 
g/cc and a melting point of 3890? C—the highest encountered among 
the simple carbides [33, 43]. Although development is still in the 
laboratory stage, it is clear that this material will make an excellent 
high-temperature refractory, with the single drawback ot low impact 
resistance at elevated temperatures [44]. 

A double carbide of hafnium and tantalum (HfC-4TaC) has been 
developed and has the highest melting point of any ceramic material, 
3942° C [31]. 

Hafnium carbide is an extremely hard material, and its potential 
as a substitute for industrial diamond was investigated [45]. It 
was found to be unsuited for such applications, but nevertheless 
hard enough to be of some value as an insert. in cutting tools and 
ава grinding medium [44, 45]. 


іп 
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A German patent describes the use of hafnium carbide as a filament 


certain types of electric lamps [39]. 


Hafnium Nitride and Hafnium Boride 


These compounds are newly developed and have not emerged from 


the laboratory. They have melting points of 3,300° C and 3,060° C, 
are highly conductive at high temperature, and may prove to have 
uses based on these properties [31]. 
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Chapter 2 


EXTRACTION ОЕ HAFNIUM FROM ORES 
К. С. м; Editor 


2.1 THE OCCURRENCE OF НАЕМОМ MINERALS AND ORES 
By H. W. Miller? 


The chemical similarity of hafnium to zirconium is so remarkable 
that its presence in minerals and chemically purified compounds of 
zirconium was not even suspected for many years. Since hafnium 
never occurs in minerals independently of zirconium, any discussion 
of the mineralogical occurrence of hafnium is at the same time a 
discussion of the occurrence of zirconium. This constitutes one of 
the finest known examples of the effect of the lanthanide contraction 
on elements separated by this inner transition series. Even though 
the atomic number of hafnium is much greater than that of zir- 
conium, its ionic radius is nearly identical, and it fits easily into 
the crystal lattice of various zirconium minerals and compounds. 
This is, perhaps, the principal reason why the element hafnium 
always occurs in minerals of zirconium. 


The Occurrence of Hafnium Minerals 


Hafnium minerals are found in pegmatites, as a product of mag- 
matic segregation, in contact metamorphic rocks, in dynamic regional 
metamorphic rocks [1], and finally, through the process of weather- 
ing, in placer deposits and various sedimentary formations. 

Since hafnium and zirconium are nearly quantitatively concen- 
trated in the silicate phase of meteorites, they can be considered 
to be lithophile in nature. The average content of zirconium in 
calc-alkalic 1 igneous rocks, as calculated by de Hevesy and Wiirstlin, 
is presented in Table 2.1 Тә]. 


TABLE 2.1—CONTENT OF ZIRCONIUM ІМ CALC-ALKALIC IGNEOUS 


ROCKS 12) 
Zirconium 
Mineral (grams/ton) 
Peridotites, dunites_______________---_-----_------- 60 
Oriol ое Be ied eee hea a даа а 140 
Diörites- с; самса ote ns Bee ae ee ee 280 
Granites.._____._____...____._.___----------------- 460 
1 Wah Chang Corp. 
82 


519561 0—60———4 
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The hafnium content of these rocks will probably be within the 
range of 0.5-1.5 percent of the zirconium content and, therefore. 
will reach a maximum of about 7 grams per ton. 

Zircon is more characteristic of nepheline syenite pegmatites than 
granite pegmatites. Since the average content of hafnium in min- 
erals of alkalic rocks is lower than those of calc-alkalic rocks, zircon 
found in nepheline syenites always contains less hafnium than that 
found in granites. The average Hf/Zr ratio of minerals from 
nepheline syenite rocks and from granitic rocks is presented in 
Table 2.2 [3]. 


TABLE 2.2—AVERAGE Hf/Zr RATIO OF MINERALS [3] 


NEPHELINE SYENITE MINERALS 


Hf/Zr 
Mineral Ratio 
Báddelevite ооо et швед оь ылы 0. 014 
ВАУ ета 0. 008 
Саре 0. 011 
EPOE Ве dell ээ с бы ы ышта с 0.011 
ТО о: а ЕРИ КЕЛЕКЕ ek ыыы с ae oe 0. 011 
Poly Mignites.o30 22. oe ее 0. 023 
Rosenbuschite------------------------------------- 0. 017 
о caian a a a ы Ace EL 0. 034 
ОО oss Ske ek TN M 0. 017 

СінАмітіс MINERALS 

PIN GCS ые оен EE е AE D crt 0. ІЗ 
О сы сас за a ce eT ei ҰЙЫ дық 0. 46 
Malaton 322 ete feos esos iene a аа. 0. 08 
Мае GC jaan агаа мос cet м 0. 46 
PETROL GY Во о So ара 0. 57 
СОЙ i E le hy oe ee eS ee Wb 


Even though hafnium and zirconium are considered to be trace 
elements, their occurrence is world-wide. Zircon has been found in 
certain rocks to such an extent that it has even been considered as 
one of the rock forming minerals. Although zircon favors such 
crystalline rocks as syenites and granites, it occurs 1п a large variety 
of rock types. Zircon has been found in such volcanic rocks as 
quartz porphyry, phonolite, dolerite, trachyte, tephrite, dibase, and 
basalt [4]. It has been found in sedimentary rocks such as limestone, 
sandstone, and conglomerates and in metamorphic rocks such as 
slate, phyllite, schist, quartzite, marble, and gneiss. 


The Abundance of Hafnium 


Careful analyses of rocks and minerals have shown that the 
abundance ratio of hafnium to zirconium fluctuates within very 
narrow limits. This ratio has been determined to be about 0.02 in 
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° the earth’s crust. It is believed that no separation of hafnium from 
zirconium takes place in nature. This is probably true after the 
mineral has been formed; however, it is likely that during the process 
of fractional crystallization from the magma, certain conditions can 
influence the zirconium-hafnium ratio to a marked degree. 

Although it has been stated that the concentration of hafnium in 
minerals never exceeds that of zirconium [5], Goldschmidt [6] re- 
ports that exceptional ratios between hafnium and zirconium have 
been observed in the mineral thortveitite, (Y, Sc); Si,O; This min- 
eral usually contains several percent of a mixture of zirconium and 
hafnium due to the fact that these ions may replace scandium in 
the thortveitite lattice. Substitution of hafnium for scandium is pos- 
sible since their ionic radii are similar (r—Zr'* 0.87 A, НҒ“ 0.86 А, 
and Sc* 0.88 À). It appears, from the work of de Hevesy, that 
in the case of the Norwegian thortveitite, the weight percent of haf- 
nium exceeds that of zirconium. The Hf/Zr ratio for this mineral 
was determined to be 1.9 [7]. Тһе similarity in size of the ionic 
radii of hafnium and scandium apparently favors the capture of 
hafnium in the thortveitite lattice even though the atomic concen- 
tration of zirconium was undoubtedly much greater in the original 
magma. This phenomenon is also responsible for the high hafnium- 
zirconium ratio in scandium-bearing wolframites. 

O. I. Lee [8] prepared a list of zirconium minerals which were 
known to contain hafnium. This list is reproduced, in part, and 
presented in Table 2.3. 


TaBLE 2.3—LIST OF ZIRCONIUM MINERALS KNOWN TO CONTAIN 
HAFNIUM [8] 


ZrO: Н/О: 
Mineral (Percent) (Percent) 
Baddeleyite._..__._._____...._.___------- 98. 9 1. 2 
Catapleite----------------------------- 31.5 0. 3 
Шапе 62-2. Joel Be он Е 20. 28 0. 2 
Боа усе еа ыссы се оте 14. 32 0.17 
Var. Eucolite._._..___...___._.-----.-- 12. 21 0. 2 
Polymignite---------------------------- 29. 11 0. 6 
Rosenbuschite_------------------------- 19. 80 0.3 
Thortveitite. —--..---------------------- 2.0 0. 5 
Var. Befanamite__.___._.....___-.-_--_-.- 1.3 1.0 
Wohlerite___._..________.-_-__.___----_-- 15. 61 0.5 
ЖООП fie сам бл Fee жы es BENS 64. 23 2. 0 
Var. Нуасїпїһ.__-------------------- 64. 83 1. 2 

ALTERED ZIRCONS 

PIVIVG зо beide М ы Шыдамы 41. 98 4.6 
CvrLOlte ы да сырымды Мы ЫДЫ ордада 52.4 5.5 
Malacon_______.._.______-__.---------. 65. 18 3. 4 
Мас есе oe oe tee a Seed 49. 8 3. 5 
Dit <: = ро лышы ом 21. 89 1. 0 
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The highest hafnium content in minerals that have been investi- 
gated up to this time is presented in Table 2.4. These data are based 
on information obtained from papers by de Hevesy [9], de Hevesy 
and Wiirstlin [10], and Lee [8]. 


TABLE 2.4—MAXIMUM CONTENT OF НО, IN ZIRCONIUM 
MINERALS [8, 9, 10) 


Н/Оз 

Mineral Formula (Maz w/o) 

Zircon......... 4ArS8i0,........................ 6.0 
Naégite______- ZrO;-SiO; (Y, Th, Nb, Та)... 7.0 
Malacon....... 3 (SiO,-Zr,HfO,)-H,O___._..__-. 4.0 
Cyrtolite _ Se Sie R3Y2 (Zr, Hf) (SiO? mud uti sulcus 10. 0 
Alvite......... (Zr, Hf, Be, Th)O; SiO, А НО... 15. 0 
Baddeleyite.... ДгО,.--.--.------.------------- 1.2 
Thortveitite... (Se, У). Siz07------------------ 1.1 


The highest concentrations of hafnium occur in certain altered 
zircons, as for example, naégite, cyrtolite, malacon, and alvite. Since 
zircon contains an average of less than 2 percent. hafnium [10], it 
is probable that the unusually high percentage of hafnium, as given 
in Table 2.4, is the result of contamination with one or more of the 
altered zircons. 

Zircon crystals occurring in nepheline syenites and related rocks 
and their pegmatites are surprisingly resistant towards hydro- 
thermal alteration in contrast to the altered zircons occurring in 
granite pegmatites. These altered zircons are not only richer in 
hafnium, but contain such elements as yttrium and associated lan- 
thanides, thorium, uranium, phosphorous, niobium, and beryllium 
in amounts of several percent. In general, minerals with a high 
hafnium-to-zirconium ratio are more strongly radioactive than those 
with a lower content of hafnium. Piutti [11] reported that, in the 
case of zircon, the amount of hafnium present is proportional to the 
amount of radioactivity. De Hevesy [12], however, was unable to 
find a direct relationship between the radioactivity and the hafnium 
content of zircon. The radioactivity is due to the inclusion of 
thorium and uranium in the crystal lattice as a result of their con- 
centration in the mother liquors of the granitic magmas in which 
enrichment of hafnium took place. In every case, the original crystal 
structure of the altered zircon has deteriorated due to the radio- 
activity of the occluded thorium and uranium. 

In zirconium minerals of nepheline syenites, the weight percent of 
hafnium to zirconium varies from 0.5 percent to 1.5 percent and in 
granitic rocks it is often much higher than 4 percent. In non- 
quartzose or basic residual phonolites and nepheline syenites, higher 
percentages of zirconium have been reported. In certain rocks of the 
nepheline syenite family, the amount. of zirconium and hafnium 
rises to above 1 percent, and in some special types, such as sodalite 
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syenites, which contain zirconium minerals (eudialyte, etc.), the 
amount has been reported as high as 10 percent. Occasionally, these 
sodalites and nepheline syenites may contain enough eudialyte to 
afford a source of commercial ore. Unfortunately, however, the most 
important zirconium resources of the earth are relatively poor in 
hafnium. 


Minerals and Ores of Hafnium 


Appreciable quantities of hafnium are found only in the altered 
zircon minerals such as cyrtolite, malacon, alvite, and naégite. Of 
these, cyrtolite is by far the most common. Until recently there 
were no known commercial deposits of any of these minerals, and 
the hafnium industry depended upon the large scale mining of the 
more common “hafnium-poor” zirconium ores. Since zircon and 
baddeleyite form immense placers, they are the only important 
ore minerals of zirconium. The hafnium content of the ore from 
these sources, however, never exceeds 2 percent. 

The only known commercial source of altered zircon occurs as 
a byproduct of columbite and tin mining operations in Nigeria. 
The zircon itself constitutes 70 percent of one byproduct fraction 
with a hafnium oxide content of 314-5 percent. Approximately 
2,400 tons of such byproduct is produced annually. 

It is also possible that hafnium may be found in some presently 
unexpected source. A few years ago, it was reported that a con- 
siderable deposit of orthite was found in Tanganyika Territory, 
which assayed as high as 8 percent hafnium [13]. There has been 
no official confirmation of this unexpected mineral association [14]. 

Cyrtolite has been found in small quantities in the pegmatites 
of Colorado, Connecticut, California, Massachusetts, New York, 
North Carolina, and Texas. It has also been reported to occur in 
Canada, India, Norway, Sweden, and Russia. Alvite has been re- 
ported from a few localities in Norway, malacon from Madagascar, 
and naégite from Japan. Baddeleyite has been reported in small 
quantities from near Bozeman, Montanta; Mt. Somma, Italy; Kila, 
Belgian Congo; and in immense deposits in Brazil. Zircon is world- 
wide in occurrence [8, 15-21] and has been found in large quantities 
in the beach sands of Australia, India, and the United States, as well 
as 1n numerous stream placer deposits. 

The largest amount of zircon comes from Australia, followed by 
India and Brazil. The baddeleyite ores of Brazil have been reported 
to assay as high as 93 percent ZrO, and 1.2 percent НҒО;. The 
nepheline-bearing rocks of the Pocos de Caldas Plateau in Drazil 
contain huge quantities of zircon which is mined as zirconium ore. 
These rocks and the zircon placers derived therefrom are probably 
the greatest source of zirconium known today. 
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In the United States, zircon is obtained commercially as a co- 
product with rutile, ilmenite, and monazite. These minerals are 
mined by dredging the beach sands and stream placers of Florida, 
North Carolina, and Idaho. 

A list of zirconium minerals, as taken from a paper by О. I. Lee 
[8], is reproduced in Table 2.5. Many of these minerals were not 
analyzed for hafnium, and all percentages given are the maximum 
values obtained at the time the list was compiled. 


TaBLE 2.5—ZIRCONIUM AND HAFNIUM MINERALS. 














Mineral Formula ZrO; НЮ: 
Percent Percent 





а А 


Astrophyllite. ..... (K, Na, H),(Fe, Mn, Ca, Мру(Ғе | | 4.97 |........ 
Al) (Ті, Zr) (О, F2)}3(SiO«)s 
Baddeleyite. ...... AIO... 2c. eI Rd Gu ep edet dee 98. 9 L2 
Beckelite. ......... Ca;(Y, Ce, La, Nd, Pr)4(Si, Zr0;... 255. cues 
Catapleite.........| (Ха), Ca3)O ZrO; 3810, 2H;0. ......... 31. 53 0. 3 
Chalcolamprite. ...| RNb,O,F;RSiO;(R—Ce, Ха, Zr, Ca)... Dl emn 
Elpidite bu i d icc Lee Ха;О.7тО,:6510,-3Н;О Sree Soe See 20. 58 0. 2 
Endeiolite__.____-_. RNb;,O,(OH),CeSiO;(R—Na;, Ca)..... 52r. и ИЕ 
Eudialyte__.._. ._- (Na, Ca, Fe)sZr(OH, Cl) ($103)в------- 14, 32 0. 2 
Eucolite. ..........| (Na, Са, Fe),Zr(OH, СІ)(51О%4------. 12.21 0.2 
Guarinite________. 3CaSiO:(Ca(F, OH)]NaZrO;...........|] 19.70 |........ 
Hiortdahlite._____- 6(Ca4,8i;0,) -2(Na,Ca, Н.).-(7г.Е.О.) 2/8 21.48 | ....... 
(Са(Мр, Fe, Mn) (Zr, Ti, Si);04] 
Johnstrupite....... Na3CagCe2(F, ОН),($05)ә------------ 2.84 Wotan Bose 
Lávenite.......... Na(Zr, О, Е) (Мп, Ca, Ее) (SiOS,...... 28.9 |........ 
Leucosphenite. _ __. BaSi,0,-2Na;(Ti, Zr)8i30,............. do. bsec | 
Loranskite. ....... (Tantalate of Y, Ce, Zr, Fe, еіс.)...... 20.0 1.2 5 oss. | 
Lorenzenite........| Na;(Ti, 2г).О,- Маэ цО,-------.-.--... 11.92 | 2 
Mosandrite........ (Same as Johnstrupite)--------------- 7.48 T 
Nohlite........... (Niobate of U, Y, Fe, ес)... 2500 I сз | 
Oliveiraite.........| (Altered Euxenite)....... ioa eM Mer 63.36 |. ..... 
ОгуШЩЦе____-__-_--| 82г0.-6810.-5Н.О---------..-..------- 68. 04 |______.- 
Polymignite. ...... 5RTiO;:.5RZrO;: BONS Ta);,0,(R—Ce, 29. 11 0. 6 
Fe, Ca) 
Pyrochlore........ CaNb;0, NaF__.......-..----------- 2. 90 trace 
Riebeckite.........| 4NaSiO; 5FeSiO; 5Fe, 810, .......... 4. 7 trace 
Rosenbuschite. .... 6CaS810;, 2Na;ZrO;,F;Ti-(81O3 (TiO) ...| 19. 80 0. 3 
Soda-Catapleite....| Na,O-ZrO,-3S8i0O,-2H,O__.._-.. 2... ... 30.80 |........ 
Thortveitite. ...... (Se, ЗО а 2.0 0.5 
Befanamite........ Sess esci uU Adest s E. tege 1. 3 1. 0 
Uhligite........... 3Ca(Ti, Zr);0, А1:ТІО............... 21. 95 ]........ 
Wohlerite. ........ 13(Ca, Na;)O-9810,:3ZrO,; Nb,05. ..... 15. 61 0. 5 
Дїгсоп------------ DO incuria ш сынбады дш жыйы ole ...| 64.23 1. 98 
Alvite... --------- (Zr, Hf, Th, Y, Bo)8SiO,......... .... 41. 98 4. 6 
Cyrtolite ары ты uM RUE Ха) Ү;( г, Hf) (SiO,) 12 НЕ 52. 4 5.5 
Malacon.......... 3(SiO,:Zr, НҒО)Н,0............. ... 65. 18 3.4 
Naégite. ......... ZrO: SiO;(Y, Th, Nb, Ta)............ 49. 8 3.5 
Zirkelite._._..___.- (Ca, Ғе)О-2(2т, Ti, Th)O;............ 51. 89 1.0 
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: 2.2 MINING AND ORE DRESSING METHODS 


Ву Н. W. Miller! 


At the present time economical mining of zircon can only be car- 
ried out by dredging or by strip mining methods. Conventional 


* stripping equipment, bucket lines, and suction or dragline dredges 


are in use. After the excavated sands or gravel have been 
screened they may be concentrated by jigs, tables, riffles, or spirals. 
The process and equipment used depends to a great extent upon the 


- associated minerals found in the heavy sands. Since zircon is only 


a co-product, secondary consideration is given to its separation. 


Magnetic and electrostatic separation methods are generally em- 


! 


ployed to segregate zircon and its associated minerals. Тһе zircon 
is collected in the rejects or the tailings. As a rule, only one: more 
simple gravity concentration step is required to obtain a high-grade 
product. 

In Idaho, zircon is obtained as a byproduct of the monazite op- 
erations [22]. Dredging is carried out by means of a conventional 
bucket line operating against the bank of the dredging pond. After 
the buckets discharge onto tumblers, a trommel discards all material 
above one-fourth inch in size. The fines are put through parallel 
batteries of “rougher” jigs, and the hutch product from these jigs 
is then pumped to a dewatering cone. The concentrates are de- 
watered and shipped to the separating plant, where they are dried 
in a rotary kiln, passed over electrostatic and magnetic separators, 
and finally over an induced magnetic roll. The zircon and silica 
remain in the tailings while such minerals as ilmenite, magnetite, 
and monazite are removed. The zircon is easily separated from the 
silica by conventional shaking gravity tables. 

The beach sands of Florida are mined by means of a floating suc- 
tion dredge. The sands are pumped to a battery of Humphreys 
spirals, and the resulting concentrates are put through electrostatic 
separators. Finally magnetic separators and gravity concentrating 
tables are used to purify the product [23]. 


2.6 CONVERTING THE ORE 
By J. H. McClain ? 


This section deals with the preparation of a feed material suitable 
for introduction into a hafnium-zirconium separation system. While 
there are several methods of accomplishing this, the most important 


or most widely employed process involves converting the ore in an 


arc furnace to produce zirconium carbide followed by chlorination of 


1 Wah Chang Corp. 
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the carbide to form the tetrachloride. The tetrachloride is then 
suitable for feed material to either the hexone-thiocyanate or the 
tributyl phosphate-nitric acid separation systems. 

No attempt is made to include those processes not directly ap- 
plicable to metal production. To do so would be duplicating un- 
necessarily the effort of more comprehensive works such as Marden 
and Rich [24], Venable [25], and others. 

In the production of zirconium and hafnium metal the most used 
ore is zircon. This is largely because of the ready availability and 
low cost of zircon аз byproduct of rutile, monazite, and ilmenite 
mining operations. For this reason the total hafnium metal pro- 
duction is equivalent to roughly 2.1 percent of the total zirconium 
production, the natural proportion of hafnium to zirconium in usual 
zircon ores. Actually, no more than 1.5-1.8 percent is realized be- 
cause of losses in the separations. 

Zircon is attacked by fusion, carbothermic reaction, or high tem- 
perature chlorination to break the silicate bond and otherwise prepare 
it as feed material to the hafnium-zirconium separation system. 
Figure 2.1 illustrates the various methods and stages employed to 
process hafnium from ore to metal. 


Fusion 


G. de Hevesy, іп early research [26], employed fusion of zircon 
with acid potassium fluoride to decompose the ore. The resulting 
melt was solubilized in hot water and acidified with hydrofluoric acid. 
This produced a mixture of potassium zirconium fluoride and potas- 
sium hafnium fluoride in solution and led to the first successful 
separation of hafnium from zirconium by fractional crystallization. 

A similar fusion is employed by Kawecki as a part of his pracess 
to produce potassium zirconium fluoride. According to patents 
(97, 28] held by him, the reactions are essentially 


4 К,ЕеЕ,-- 3 (ZrO, . S103) —3 K,ZrF,+ 2 Fe;O,4- 6 KF+ 3 SiO, 


and 
Км Е, + ZrO, * SiO, —K.ZrF,+ 2 S1O,. 


The Kawecki process is employed also by the Russians [29] in the 
preparation of pure zirconium oxide from zircon. In their pro- 
cedure the ore is first ground to 200 mesh and mixed with potassium 
silico fluoride and potassium chloride. It is said that the potassium 
chloride promotes complete decomposition of the zircon. 

This mixture is then heated at 650-700? C in a rotary kiln to 
produce rounded off and slightly fused granules having an average 
size of 0.5-10 mm. "The nodules containing 13-14 percent zirconium, 


| 


EXTRACTION FROM ORES 43 


K2Si Fe NoOH 5:0, [ОРЕМ FURNACE je- CARBON 


LEACH н,50, H50 LEACH H,0 ZIRCONIUM CARBIDE 
FILTER fesio, FILTER 30H, №510 3 CRUSHER 
SOLUTION HYDROUS ZIRCONIUM OXIDE CHLORINATOR Je" Ciz 





CARBON 


CI 2 cHLORNATOR Ребісі4 


FRACTIONAL 
CRYSTALLIZATION 





































HIGH Hf 
CONCENTRATE ZrCI4* НИС 
DISSOLUTION Je-HNo4 [DISSOLUTION je- nci DISSOLUTION je-H;0 
FILTER bei pate FILTER 
7:0(М03)% Hf O(NO3); CRYSTALLIZER е НС! 
SOLUTION 
2г0С1,:8Н,0% HfOCI,-8H50 
HNO3 
2rO(NO,) e—LIQUID-LIQUID | JTRI BUTYL PHOSPHATE DISSOLUTION 
Ы 3'2 | EXTRACTION | )H2504 
NH4OH 
B 
LIQUID- LIQUID 
E VAPORATION |>HNO 3 г LEXTRACTION |72504 
NH4CNS 
HAFNIUM SULFATE SOLUTION 
CONVERSION Je- HYDROFLUORIC NH40H 
FILTER 
HYDROGEN 
DEHYDRATION Je- ©) Goring 
Hf Fa Hf Oo 
[Mixer Je САВЕОМ BLACK 
REDUCTION No BINDER 
| PRESS | 
BRIQUET TES 
oF 
CHLORINATOR]e- C12 
HfCl4 
HAFNIUM POWDER HAFNIUM POWDER 
REDUCTION Mg 










DISTILLATION 


HAFNIUM SPONGE 





COMPACT 


INDUCTION 
MELT 


HAFNIUM METAL 


NoF осі. 














IODIDE REFINING 








ВАН5 ELECTRODES 
ARC MELT ARC MELT 
INGOT 


ELECTRON BEAM 
REFINING 
HAFNIUM INGOT 


FIGURE 2.1. Flowsheet for the Production of Hafnium from Zircon. 
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the equivalent of 40-43 percent К; ZrFe, are crushed and leached in 
a 1 percent hydrochloric acid solution. 

The potassium fluozirconate solution thus formed becomes the feed 
material for further processing and separation of hafnium from 
zirconium by crystallization as described in a later section of this 
chapter. 

A third type of fusion employs caustic soda as the cracking agent. 
This process reportedly has been adopted by Columbia-National 
Corporation in their new zirconium production plant. 

Pilot plant work accomplished at Iowa State College [30] and 
the Bureau of Mines [31] demonstrated the feasibility of this process. 
These workers were in good agreement concerning ratio of caustic 
to sand, reaction time, reagent consumption, and an over-all cost of 
about 50 cents per pound of contained zirconium in the product. 

Caustic soda and zircon are mixed in about equal proportions by 
weight and charged in mild steel pots to furnaces which are held at 
a temperature of 600-650° C for from 1-2 hours. A spongy mass or 
frit formed during the reaction is dissolved in hot water. Separa- 
tion of the water soluble silicates from the insoluble zirconate is 
accomplished in a continuous centrifuge. Finally, the insoluble 
zirconate is dissolved in acid and recrystallized to improve purity. 

Figure 2.2 shows the general layout of a plant to produce zirconyl 
chloride for feed to a hafnium separation plant using the hexone- 
thiocyanate system. Substitution of nitric acid for hydrochloric 
acid results in the production of zirconyl nitrate which is more 
suitable for feed material to a separation plant employing the 
tributyl phosphate-nitric acid system. 

А fusion employing sodium carbonate is described in a patent by 
William R. Loveman [32]. Finely divided ore is mixed in the 
ratio of one part to eight parts of sodium carbonate. Тһе mixture 
is fused at 1,000? C for about 2 hours. When the reaction is com- 
plete and the fused mass has cooled, it is placed in a suitable vessel 
with water and sparged with steam. Impurities such as aluminum 
and silicon are leached away as sodium aluminate and sodium silicate 
leaving the insoluble salts sodium zirconate, sodium titanate, and 
ferric hydroxide. Subsequently, a weak acid leach dissolves the 
titanium and iron salts leaving a reasonably pure zirconium hy- 
droxide which would be suitable as feed to the hafnium-zirconium 
separation system. 


Carbothermic Reaction 


To the present, virtually all metal production has been accom- 
plished via the carbide-chlorination route. The basic operation 
differs only in the type of electric furnace and chlorinators employed. 
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Zircon and graphite (or coke) is mixed in a ratio of, roughly, 
4:1 and charged in small increments to an arc furnace. The zir- 
conium-to-silica bond is broken freeing silicon monoxide which is 
evolved from the reaction zone and burns to the dioxide at the 
mouth of the furnace. The zirconium oxide is converted to the 
carbide which forms a fused block or ingot under the electrode. 

Upon completion of a batch, the carbide ingot is smothered with 
unreacted charge, graphite, or charcoal to prevent oxidation and 
allowed to cool. Since unreacted charge is generally employed to 
serve as a refractory wall during the reaction, it 18 necessary to 
separate the product by screening. The unreacted charge is then 
returned to the furnace and the carbide crushed and sized for feed 
to the chlorinator. 

The product of the carbide furnace has a golden yellow-bronze 
color tinged with blue to violet. It 1s also known in the industry 
as carbonitride (The Carborundum Corporation) and cyanonitride 
(Titanium Alloys Mfg. Co.). These are not true compounds [33] 
as the nomenclature implies but more nearly trade names for carbide 
having varying amounts of nitrogen present. Actually nitrogen 
combines in larger quantities only when there is a deficiency of 
carbon in the charge. 

The term cyanonitride was coined by Louis E. Barton who 
disclosed this new and useful composition of matter and the method 
of producing it in his patent (|84, 35]. Actually, the compound was 
produced first by Renoin [36] in 1900. Cyanonitride is reported to 
contain 82-84 zirconium, 3-5 percent carbon, and 8-10 percent nitro- 
gen; to have a metallic luster; to be, usually, golden brown to 
bronze in color; and have a specific gravity of about 5.95 to 6.35. 

While the cyanonitride being produced today does not quite meet 
these specifications, the method and charge described by Barton is 
employed successfully. His charge, consisting of 20 pounds of coke 
and 100 pounds of zircon, was added gradually to an electric arc 
furnace at temperature such as to decompose the oxide. 

Some of the disadvantages of Barton’s process were overcome by 
Kinzie e£ al. in a later patent [37] also assigned to Titanium Alloy 
Manufacturing Company. These are as follows: 


(a) The intense heat of the arc is higher than required causing the 
formation of hard lumps which are difficult to react at later 
periods. 

(6) Explosions occur as a result in part due to (a). 

(c) The product formed is not pure cyanonitride but is contaminated 
with considerable quantities of zirconium carbide which is diffi- 
cult to crush and burn to the oxide. 


| 
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Such disadvantages are overcome by use of an intermittent. charg- 
ing practice and by blowing air through an upper passage of elec- 
trode into the reacting mass. The charge described by Kinzie 
consists of 62.5 parts of zircon sand, 13.3 parts of high carbon coke, 
and 24.2 parts of refuse (recycle of unreacted charge). Every 
10 minutes, 15 pounds of mixture is shoveled in until the furnace is 
full, and the upper electrode is raised to secure a suitable arc each 
time material is shoveled in. The current input is adjusted at 
15,000 amperes and 50 volts and the air input adjusted to 6 cubic 
feet per minute. 

The Bureau of Mines [38, 39] employed a single-phase furnace 
having one retractable electrode above a graphite, water-cooled base 
through which a current of approximately 2,500 amperes at 100 volts 
was passed. Тһе furnace crucible consisted of plates of graphite 
standing on end and forming an hexagonal tube. Charcoal was 
packed between this tube and the silicon carbide, rammed lining of 
the shell. The furnace was fed by hand scoop through a side 
opening as required. А second opening in the upper furnace shell 
permitted observation of the reaction and enabled the operator to 
raise, lower, or swing the electrode and obtain complete reaction of 
the batch. А third opening was attached to a duct through which 
the rather copious silica fumes were withdrawn. 

The Carborundum Metals Company at their Niagara Falls plant 
employs a single-phase arc furnace having two carbon electrodes 
suspended in an unlined, cast steel crucible. А mix of zircon and 
coke breeze is charged to the furnace and reacted to form the carbide. 
Unreacted mix around the reaction zone protects the steel shell from 
excessive heating. А batch of 3,000 pounds is produced per run. 
It is believed that Carborundum will use a three-phase furnace in 
their new plant at Parkersburg, West Virginia. 


Direct Chlorination of the Ore 


Direct chlorination of zircon would at first glance appear to be the 
most direct and best approach to the production of the tetrachloride. 
The fact that no producer in the United States employs this method 
seems to be a good indication that it 1s not an economical process. 
The principal disadvantage of the method is the high temperature 
(800—1,000? C) required to promote a reasonable reaction rate. At 
temperatures such as these chlorine is very corrosive on furnace 
linings. Other disadvantages consist of the high chlorine wastage to 
silicon tetrachloride and the fineness (-200 mesh) of grind required. 

The method was used by I. G. Farbenindustrie [40] at the Lever- 
kusen Works during World War II. The method was originally 
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developed to chlorinate baddeleyite with a mixture of carbon mon- 
oxide and chlorine. The reaction of the ore with the chlorinating 
agent was incomplete leaving almost one-third of the ore as residue. 
This was believed to be caused by the low temperatures of 500-6009 С 
in the chlorinator. 

In 1943, when shipments of baddeleyite into Germany were cur- 
tailed, it became necessary to substitute zircon sand. This was found 
to be impossible to chlorinate at temperatures as low as 600? C. А 
new procedure was evolved that required an excess of carbon in the 
charge and an excess of oxygen to elevate the temperature to 800- 
1,0009 C. In addition, a mix consisting of 330 pounds of zircon, 
132-165 pounds of powdered coal, and 5.3 gallons of concentrated 
sulphite liquor was briquetted, coked, and charged to the chlorinator 
at temperatures ranging from 800 to 1,000? C. A mixture consisting 
of 350-530 cubic feet (STP) chlorine gas and about 170 cubic feet 
of oxygen was charged each hour. 

The capacity of the chlorinator was 660-880 pounds of zirconium 
tetrachloride per day, or about 3.7 pounds of tetrachloride per square 
foot of bed area per hour, with an operating time of 80 percent. 
Recovery of zirconium amounted to 65 percent. Chlorine recovery in 
zirconium tetrachloride was 60 percent. 


Chlorination of the Carbide 


Chlorination of the carbide is accomplished in a variety of dif- 
ferent types of equipment. In the simplest process the carbide is 
charged to а vertical tube having a charging port and a side arm 
outlet at the top and a flat or cone bottom pierced with chlorine 
inlets. Тһе initial charge is heated to promite chlorination which 
then continues without external heating on introduction of chlorine 
gas. Тһе chlorine passes through and reacts with the charge to 
produce a crude hafnium-zirconium tetrachloride. This is collected 
in а cone-bottom condenser and discharged periodically into con- 
tainers. 

The apparatus is ordinarily of simple mild steel construction and 
is cooled with copious quantities of water to minimize corrosion. 

The carbide chlorinates readily at 500? C. "The chlorination tem- 
perature is held in check by limiting and adjusting the chlorine 
flow. А simple shaft-type chlorinator produces approximately 95 
pounds of tetrachloride per square foot per hour with yields as high 
as 95 percent. 


| 


EXTRACTION FROM ORES 49 


. 2.4 SEPARATION OF HAFNIUM AND ZIRCONIUM 


"= 


Ву К. H. Nielsen ! 


Although many early researchers claimed to have found traces 
of element 72 in zirconium or rare-earth ores, these claims were 


: never substantiated. The Bohr atomic theory was the basis for 


~ postulating that element 72 should be tetravalent rather than triva- 
- lent. Subsequently, following a suggestion by Bohr, Coster and 
‚ de Hevesy examined the X-ray spectra of several zirconium con- 
- centrates. They found lines at the positions and with the relative 


- intensities postulated by the Bohr theory [41, 42]. 


This discovery then marked the beginning of the search for a 


‚ suitable method of separating hafnium from zirconium. Of the 


Р 


. Many processes developed, most fall into a classical grouping of 
- academic interest only. The metal-producing processes of economic 


importance today include only liquid-liquid extraction and crystal- 


- lization. Table 2.6 lists the various hafnium-zirconium producers 
` and their separation method. Other major operations in the pro- 
' duction process are also shown and identified where known. 


Liquid-Liquid Extraction 


The hexone-thiocyanate separation process was developed by Union 
Carbide and Carbon Chemicals Division at their Y-12 plant in Oak 


` Ridge, Tenn. This process, with variations, is employed in the 


_ United States by Wah Chang Corp., Carborundum Metals Corp., 


_ and Mallory Sharon Metals Corp. In 1958 these companies produced 


a total of 9,000,000 pounds of zirconium and 91,400 pounds of 


 hafnium sponge. These plants have a planned capacity in excess of 


5,000,000 pounds of zirconium and the equivalent of 100,000 pounds 


- of hafnium. 


The tributyl phosphate-nitric acid separation system, a product 
of the laboratories at Iowa State College, is employed by the Colum- 
bia-National Co. in a plant with capacity to produce approximately 
1,000,000 pounds of zirconium and the equivalent of 20,000 pounds 


of hafnium. It is believed that the French will employ this system 
also when production is commenced. А comparison of costs pre- 
° pared by J. M. Googin [43] indicates that the tributyl phosphate 
. System may be the more economical of the two production methods. 


1Wah Chang Corp. 
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TABLE 2.6—HAFNIUM-ZIRCONIUM PRODUCERS 


Company Ore Conversion Separation Reduction 








-------------------- ef Ce — --- | —— — 








UNITED STATES 


Wah Chang...... Australian | Carbide- MIBK-HCNS | Kroll— Mg. 
Zircon. Chlor. 

Carborundum. ...| Florida Carbide- МІВК-НСХ | Kroll— Mg. 
Zircon. Chlor. 

Columbia- Florida Caustic TBP-HNO; Kroll— Mg. 

National. Zircon. Fusion. 

Mallory Sharon...j Florida Carbide- MIBK-HCNS | Mod. Kroll— 

Zircon. Chlor. Ха. 
FRANCE 
Thann et Mul-  |........... Chlor. ТВР-НХО; Kroll— Mg. 


house Bozel- 
Nobel Planet. 


GERMANY 
Degussa- --------ļ|----------- Carbide- MIBK-HCNS| Mod. Kroll— 
Chlor. Mg. 
GREAT BRITAIN 
Magnesium — J----------- Caustic MIBK-HCNS| Kroll—Mg. 
Elektron. | Fusion 
JAPAN 
TOV Ona chefs nee lens Ды ЫШ Carbide- МІВК-НСХВ| Kroll—Mg. 
Chlor. 
ВОТ K35SiF, Crystalliza- |{_-_____._____.. 
Fusion tion (plus 
MIBK- 
HCNS). 


The product. of the above separation systems is the oxide. The 
manufacturing processes followed to produce the oxide are described 
in the first part of the following section, and the less used, classical 
separation methods are described later. 


The Hexcone-Thiocyanate Separation System 


The thiocyanate extraction process was discovered by Fischer and 
Chalybaeus [44, 45], who extracted the hafnium thiocyanate complex 
from a sulfate solution into diethyl ether. In six months of exten- 
sive development [46-57], Union Carbide and Carbon Chemicals 
Division converted this information into an operating plant capable 
of producing 40,000 pounds of zirconium oxide per month. In the 
commercial process, the hafnium thiocyanate complex is preferen- 
tially extracted into methyl isobutyl ketone (hexone) from a hydro- 
chloric-thiocyanic acid solution. 

It is interesting to note that Fischer [44] first used a hydrochloric 
acid system for the thiocyanate separation, but changed to sulfuric 
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acid because of the resulting higher separation factor. During the 
development. at Oak Ridge, sulfuric acid was replaced with hydro- 
chloric acid, even with a decrease іп separation efficiency, because 
the chloride system would allow a four-fold increase in metal con- 
centration in the aqueous solution. This greatly increased the 
capacity of the separation plant. 

Feed solution for the hexone-thiocyanate system is usually prepared 
by carefully dissolving the mixed hafnium-zirconium tetrachlorides 
іп water and adding ammonium thiocyanate. Zirconyl chloride can 
also be used, however (see Fig. 2.1). The final feed solution 
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FrGURE 2.3. MIBK-HCNS Extraction System. 


containing 1.3 molar metal content, 2.8 molar ammonium thiocyanate, 
and 1 normal free acid is extracted with methyl isobuty] ketone 
containing 2.8 molar thiocyanic acid as indicated in Figure 2.3. 

Various types of contactors are being used for this extraction, 
including open spray columns, baflled spray columns, perforated- 
plate pulse columns, and mixer-settlers. The system installed by the 
U.S. Bureau of Mines in 1952 consisted of open spray columns using 
long vertical sections of 4-inch diameter glass pipe. This included 
50 feet for thiocyanate recovery, 200 feet for extraction, 150 feet for 
stripping, and 50 feet for sulfuric acid scrubbing. 

Hafnium is extracted preferentially as the thiocyanate complex 
by the solvent and carried into the stripping system where 3.5 molar 
hydrochloric acid strips and returns zirconium to the extraction 
columns. Both low acid and high thiocyanate concentrations in the 
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aqueous feed promote the extraction of metal into the solvent. phase. 
High acid and low thiocyanate concentration favor stripping of 
metal from the solvent. Hafnium-laden solvent leaving the stripping 
columns enters the scrubbing column and passes countercurrent. to 
5 normal sulfuric acid. Hafnium and other metallic ions such as 
boron and titanium are scrubbed into the sulfuric acid solution and 
carried into the hafnium product storage tanks. 

The hafnium sulfate solution 1$ mixed with ammonium hydroxide 
to precipitate hafnium as the hydrous oxide. When high purity 
hafnium is not required, the hydrous oxide is then filtered, washed, 
and charged into a rotary kiln where the cake is dried and calcined 
to the oxide. | 

If high purity hafnium is required the hydrous oxide cake is ге- 
pulped in hydrochloric acid and reprecipitated as hafnium phthalate. 
Conditions for the precipitation are given in Table 2.7. 


TABLE 2.7—CONDITIONS FOR PHTHALATE PRECIPITATION 
OF HAFNIUM 


Metal concentration (lb/gal) ——2-.----------------- 0. 1-0. 3 
Temperature: (Есш еза дшш шы ады шш 190 
те засы СБ 1.5 


The hafnium phthalate filter cake is then repulped with am- 
monium hydroxide to form hafnium hydroxide and ammonium 
phthalate which is returned to the system. The hafnium hydroxide 
is then dried and calcined to the oxide. A very detailed and com- 
plete description of the entire separation process is contained in the 
Reactor Handbook [58]. 


TBP-Nitric Acid System 


The first work using tributyl phosphate (TBP) as a solvent to 
extract zirconium from hafnium was reported by Kerrigan ей al. 
[59, 60]. Zirconium was extracted from an aqueous solution con- 
taining 0.55 М ZrOCle, 1.64 М CaCl, 0.6 М НСІ, and 2.88 M HNO; 
by an equal volume of solvent consisting of 60 percent ТВР-40 per- 
cent dibutyl ether, containing 2.13 M НХОз. The subsequent process 
development. and modification [61-64] by Beyer, Cox, and Peterson 
at Iowa State College led to its commercial use by the Columbia- 
National Corporation [65]. Parallel studies in Europe [66—68] 
resulted in a similar process [69, 70] differing in concentration and 
in the particular TBP diluent used. 

Preparation of the feed solution can be accomplished by several 
methods such as: (1) caustic fusion of zircon, followed by washing, 
sulfuric acid dehydration, hydroxide precipitation, and dissolution in 
nitric acid [64]; or (2) dissolution and dehydration of calcium 
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zirconate with sulfuric acid, then hydroxide precipitation and dis- 
solution in nitric acid; or (3) dissolution of zirconium tetra- 
chloride followed by hydroxide precipitation and nitric acid dis- 
solution. The critical point of the first two methods is the reduction 
of silica and sulfates to a sufficiently low concentration to eliminate 
the formation of silica gel or insoluble basic sulfates during the 
extraction. 

In the extraction, the distribution coefficients of both zirconium 
and hafnium vary directly with the acid concentration of the system. 
The coefficient. for zirconium usually is much greater than one, while 
the coefficient for hafnium is usually less than one. However, the 
separation factor decreases with increasing acid concentration. 

Pure TBP results in greater distribution coefficients and larger 
separation factors, but dilution with an inert hydrocarbon solvent. 
is necessary to reduce the viscosity and density of the solvent phase. 

The optimum separation flow conditions [65] are shown in Fig- 
ure 2.4. One volume of feed solution containing 1 М zirconium 
plus hafnium as nitrates and 8 M free HNO; is extracted with 3.6 
volumes of 50-50 TBP-n-Hexane previously equilibrated with 8 M 
HNOs. Hafnium and impurities are back-scrubbed with 0.7 volume 
of 5 M НКО; and leave the contactor in the aqueous stream. Тһе 
solvent extract containing zirconium is stripped with 0.9 volume of 
deionized water in a second contactor to remove the zirconium. 
Both metal product streams can be distilled to recover the nitric 
acid values, then neutralized to precipitate each hydrous oxide. 
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FIGURE 2.4. TBP-HNO; Extraction System. 
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The zirconium oxide product is free of most impurities because 
these remain in the nitric acid solution with the hafnium. 

While the above conditions will undoubtedly yield hafnium with 
a low zirconium content, the only available data concerning the use 
of the TBP-nitric acid system to produce high purity hafnium 
oxide were presented by Foos and Wilhelm [71]. Hafnium tetra- 
chloride containing about 8 percent zirconium tetrachloride was 
hydrolyzed in water and crystallized as oxychlorides for feed. The 
selected extraction conditions were (a) an aqueous feed of 5.8 M 
nitric acid containing dissolved oxychlorides equivalent to 280 g of 
oxide per liter, (b) a solvent phase of 40 percent dibutyl ether and 
60 percent TBP, and (с) an aqueous scrub solution of 5.8 M nitric 
acid. The flow ratios were 4:4:1, respectively. The contactor had 
11 physical stages of extraction and 6 stages of back scrubbing. 
The aqueous raffinate contained 86 percent of the input oxides, and 
the zirconium content of the hafnium was less than 20 ppm. Over 
100 pounds of high purity hafnium oxide were produced by this 
procedure. 

During the above operation, chloride ion measurements led Foos 
and Wilhelm to conclude that the extracted species did not possess 
a chloride atom. This would indicate that the nitrate form is 
preferentially extracted from a mixed acid solution, because Levitt 
and Freund [72] have extracted zirconium as a chloride-TBP com- 
plex from a hydrochloric acid solution. 

In a recent study [73] on the extraction of hafnium and zirconium 
from a sulfuric acid solution, 10 percent of the combined metals were 
extracted in one contact, but no separation occurred. With thio- 
cyanate ions added to the sulfate solution, a separation factor of 
4 was obtained. In this method, contrary to the results obtained 
with nitric acid, hafnium is preferentially extracted. 


Diketones 


Following the work of Connick and McVey [74] in using thenoyl- 
trifluoroacetone (TTA) to extract zirconium into benzene, TTA and 
other diketones Were investigated as selective extracting agents for 
the separation of zirconium and hafnium. However, the systems 
have very slow reaction times, the diketones are expensive, and the 
solutions are very dilute. Therefore, in comparison with other 
liquid-liquid extraction systems, these systems are primarily of 
academic interest in studying reaction mechanisms and the formation 
of complexes. 

Huffman and Beaufait [75], using a solvent of 0.025 M TTA in 
benzene, extracted a 2 М perchloric acid solution containing 0.24 g 
of metal (62 percent hafnium) per liter. Two equal volume ex- 
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tractions yielded 27 percent of the original hafnium in the aqueous 
phase with a content of less than 1.2 percent zirconium. A patent 
[76] has been issued for the process. 

The extraction of hafnium from nitric acid was studied by Mc- 
Carty, Dearing, and Flagg [77] who showed that the extraction is 
a varying function of the acid concentration and also of the TTA 
concentration. Hafnium and zirconium differed markedly in the 
time required to reach equilibrium, hafnium taking 80 to 90 minutes 
while the zirconium equilibrium was essentially complete after 10 
minutes. Comparable studies by McBride [78] on hafnium extraction 
indicated that the extraction has a third-power dependence on hydro- 
gen ion concentration and a fourth-power dependence on TTA 
concentration. АП extractions were equilibriated for 214 hours. 
The reaction proposed was 


Hf(OH)4*?-- 4HT = HfT,,+3H,t+H,0. 


Schultz and Larsen [79] studied the variables involved in extract- 
ing zirconium and hafnium from a 0.2 N hydrochloric acid solution 
with a benzene solution of trifluoroacetylacetone. Тһе extraction 
coefficients appeared to follow a fourth-power dependence on the 
diketone activity at constant hydrochloric acid concentration and 
constant initial metal ion concentration. Some indications of chloride 
complexing were found, with the hafnium-chloride complex stronger 
than the zirconium-chloride complex. 

In the purification of zirconium it was desirable to remove zir- 
conium with the least amount of hafnium; therefore, low diketone 
concentrations were used. Using benzene containing 0.0375 M tri- 
fluoroacetylacetone, two extractions produced zirconium with less 
than 0.2 percent from an initial 2.9 percent hafnium mixture, with 
a yleld of 7 percent. Similarly, in the purification of hafnium it 
was desirable to remove the major constituent, zirconium, with the 
least number of extractions. This was accomplished by using a 
higher diketone concentration. Using benzene containing 0.075 M 
trifluoroacetone, 99.94 percent hafnium was obtained in six extractions 
with a 37.6 percent. yield from an initial mixture containing 13.7 per- 
cent hafnium. 

Larsen and Terry [80] made a comparison of some diketones which 
could be used for the separation of zirconium and hafnium. Тһе 
aqueous solutions were 2 M perchloric acid, except when trying 
trifluoroacetylacetone for which 0.5 M perchloric acid was used. 
The equilibrium metal concentrations were 0.003 M or less. Тһе 
benzene phase contained 0.075 M diketone. In general, the diketones 
could be placed in two categories: those containing the CF, group 
which gave a measurable extraction of the metals into the benzene 
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was recommended [87] because their greater solubility facilitated 
the handling of larger amounts of the salts (see Table 2.11). 
Crystallization. was accomplished by cooling a hot concentrated solu- 
tion. Although a 99 percent hafnium product was obtained in 
48 crystallizations, over 650 crystallizations were performed to ex- 
tract, т a concentrated form, the major part of the hafnium present 
in the original ore. 

In 1949 and 1950, the Brush Beryllium Company did considerable 
development work on fluoride crystallization methods [88]. Al- 
though their preliminary work gave very good separations using 
the crystallization of potassium double fluoride salts, most of their 
work was done with the ammonium double fluorides for reasons 
similar to those of de Hevesy. The crystallizations were hampered 
by formation of the more stable ammonium zirconium heptafluorides 
and zirconium oxides by hydrolysis, especially in the vacuum 
evaporators. Hydrolysis was limited by keeping the solution at a 
pH of 1 to 2 with the addition of hydrofluoric acid. During the 
course of this work it was found that the presence of fluosilicic acid 
materially enhanced the separation, reducing by a factor of three 
the number of crystallizations required to achieve a particular level 
of hafnium in the zirconium. 


TABLE 2.11—SOLUBILITY OF FLUOZIRCONATES IN WATER [881 


Solubility (g/liter H;0) 
Temp (° C) K.Zr Fs (МНЕ (МНо)з2т Fn 


с Е ела 19. 8 273 244 
О нела ња внат. Be Ее 353 253 
DB cde. бе садыр ына е лиана br NE 400 321 
iU EO 96 565 384 
SUL veers лықа лы ылады: Жак Бас 722 461 
ПОО асы ылай ннен ор DOD, ное 559 


The industrial use of the potassium fluozirconate crystallization 
to produce hafnium-free zirconium has been described [29, 89] and 
has been used by the Kawecki Chemical Co. The production rate 
of the Russian operation is not known but is believed to be in 
excess of 1,000,000 pounds of zirconium per year. A comparison of 
the data on hafnium separation is shown in Figure 2.5. Хо recovery 
data were available. This process is not recommended [90] for the 
production of zirconium-free hafnium, however, because of inter- 
ference from impurities and hydrolysis products which accumulate 
in the liquid phase. Unconfirmed information indicates that the 
Russian practice has been to transform the high-hafnium concentrates 
into a feed for the hexone-thiocyanate extraction system. 
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HAFNIUM/HAFNIUM + ZIRCONIUM RATIO IN LIQUOR - ppm 
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FIGURE 2.5. Comparison of Data оп Hafnium Separation. 
Oxyhalides 


The differences in solubility of hafnium and zirconium in halogen 
acids are low and not generally used as a means of separation. How- 
ever, the crystallization of the oxychlorides in concentrated hydro- 
chloric acid has been recommended for the final purification of 
hafnium produced by crystallization of the potassium double fluoride 
salts [91]. The solubilities of the corresponding oxyhalide salts in 
strong halogen acids are shown in Table 2.12. 


Tarte 2.12—SOLUBILITY ОЕ OXYHALIDES IN HALOGEN ACID 
SOLUTIONS AT 20° C 


Acid Normality HfOX: ZrOX: Reference 
HUI exei 6. 35 0. 1030 0. 1037 92 
| 11. 61 0. 1509 0. 334 92 

12 0. 090 0. 310 93 

ПВР 25522 13 0. 0038 0. 0172 94 


a D ы ваты 20 1. 22 2. 34 94 
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Drophy and Davey [95] suggested using the citrate salts for 
separation because hafnium citrate 1s supposedly more soluble than 
zirconium citrate. Attempts to separate the citrate salts have not 
resulted in measurable separations [96]. Ammonium and potassium 
double oxalates [97] can be crystallized to separate zirconium and 
hafnium. Hafnium concentrates in the mother liquor. Ammonium 
and potassium double sulfates of zirconium and hafnium can be 
separated similarly by crystallization [98, 99]. Пе Hevesy and 
Logstrup [100] investigated the solubilities of acetylacetone deriva- 
tives of hafnium and zirconium in various solvents. At 25° C in 
ethylene bromide, the hafnium salt solubility is 0.620 mole per liter, 
and the zirconium salt solubility is 0.0907 mole per liter. 


Топ Exchange . 
Cation Resin Exchange 


Street. and Seaborg [101] first discovered the cation separation of 
zirconium and hafnium. Dowex-50 resin was slurried in a 2 M 
perchloric acid solution containing 0.01 M zirconium plus hafnium 
(30 percent hafnium oxide) as oxychlorides. The resin slurry was 
placed on top of а Dowex-50 column and eluted with 6 М hydro- 
chloric acid. Hafnium was eluted first. Street and Seaborg ob- 
tained 66 percent (10 mg) of the starting hafnium oxide containing 
only 0.1 percent zirconium oxide. Cooper and Dinzey [102], after 
using the same procedure with 9.3 g of mixed oxides containing 
3.6 percent hafnium oxide, concluded that “The method 1$ better 
suited to the production of hafnium-free zirconium than of hafnium 
uncontaminated by zirconium. ” Newnham [103] similarly treated 
2 g of oxides containing 20 percent hafnium oxide and recovered 
a first fraction containing 42 percent of the starting hafnium oxide, 
99.9 percent pure. 

Using a similar charging procedure, Lister [104] investigated the 
elution characteristics of sulfuric, hydrochloric, nitric, perchloric, 
and oxalic acids. Sulfuric acid, which preferentially removed zir- 
conium, was selected as the most effective eluant for the separation. 
In addition, zirconium loading of the resin was found to be more 
efficient with nitric acid rather than perchloric acid. Among the 
other eluants, 3 N hydrochloric acid gave a better separation than 
6 N hydrochloric acid, but not complete. The first effluent oxide was 
34 percent hafnium, and the zirconium product contained 0.14 per- 
cent hafnium. Tests with 0.01 and 0.001 M oxalic acid resulted 
in very rapid elution and poor separation. Analysis indicated that 
zirconium is eluted first by oxalic acid. Nitric acid, 3 №, eluted at 


| 
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a rate very similar to that of hydrochloric acid but with no separa- 
tion. Perchloric acid, which forms only weak complexes with 
zirconium, gave a very slow elution with no separation. 

Lister's revised procedure [105] was to load the column, which was 
2.5 cm in diameter, 120 cm long, and held 350 ¢ of 0.5 mm diameter 
Zeocarb 225 resin (very similar to Dowex-50), by slowly passing 
through the column 1 liter of 2 № nitric acid containing 20 g of 
zirconyl nitrate. Тһе absorbed material was eluted with 1 N sulfuric 
acid at a flow rate of 100 ml/hr. The first 9 liters contained 95- 
98 percent of the zirconium with less than 0.01 percent hafnium. 
Lower sulfuric acid concentrations (0.8 N) gave better separations, 
but longer elutions were necessary. After the zirconium has eluted, 
the hafnium may be quickly eluted with 3 N sulfuric acid or oxalic 
acid. Subsequent work [106] with a (5 percent hafnium starting 
material, treated in a similar manner, produced a hafnium product 
containing only 0.3 percent zirconium. 

Benedict, Schumb, and Coryell [107] made a very complete survey 
of the effects of varying concentrations of sulfuric, hydrochloric, and 
nitric acids. Graphs are presented showing the percent absorption 
of hafnium and zirconium by Dowex-50 resin from 0.2 to 11.5 M 
hydrochloric acid, 0.5 to 14.8 M nitric acid, and 0.39 to 4.7 M sulfuric 
acid. Тһе best separation using only mineral acids was with 0.39 M 
sulfuric acid, which confirmed the work of Lister, but much better 
separations occurred when citric acid was added to nitric acid solu- 
tion as a complexing agent. Ап eluant of 0.45 M nitric-0.091 М 
citric acid preferentially removed zirconium from a Dowex-50 column 
with a 99 percent recovery substantially free of hafnium. All of 
the work was done with radioactive tracers in very dilute solutions. 

Larsen and Wang [108], in studying the ionic species of zirconium 
and hafnium in perchloric acid, found that zirconium is preferen- 
tally absorbed by Amberlite IR-120. 

In all of the cation exchange studies, small amounts of both zir- 
conium and hafnium are present in the first column effluents. Ap- 
parently a small fraction of the metals is present in a colloidal or 
polymerized condition such that the metals are not absorbed or 
delayed by the resins. 


Anion Resin Exchange 


Kraus and Moore [109] eluted tracer quantities of Zr-95 and 
Hf-181 through a 107-cm column of Dowex-1. Тһе column was 
0,0226 sq cm in cross section, and the 0.5 М hydrofluoric-1.0 M hydro- 
chloric acid solution flow rate was 0.3 ml/sq em/min. Zirconium 
was eluted first, and the hafnium content of the last fractions was 
greater than 95 percent. In studying the effects of varying concen- 
tration, Kraus and Moore [110] showed that the elution rate for 
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zirconium was about proportional to the square of the hydrochloric 
acid concentration and independent of the hydrofluoric acid con. 
centration. 

Huffman and Lilly [111] dissolved 20 mg of zirconium and 10 mg 
of hafnium in 10 ml of 0.32 М hydrofluoric acid. Ninety-six percent 
of the metal was absorbed by 600 mg of Amberlite IRA-400 resin, 
which was washed with water and transferred to the top of a column 
of the same resin 30 cm long and 0.78 sq cm in cross section. Elution 
with a 0.2 M hydrochloric-0.01 М hydrofluoric acid mixture was con- 
ducted at the rate of 6 ml/hr. Тһе first 69 percent of the zirconium 
contained no detectable hafnium. The last fraction, containing 
83 percent of the hafnium, contained 0.03 percent zirconium. 

In further work, Huffman and Lilly [112] sought to explain the 
elution rates as functions of eluant composition. Reduced hydro- 
chloric acid concentration reduces the elution rate, broadens the 
individual metal peaks, and spreads the peaks apart. Forsling [113], 
eluting with 0.22 M hydrochloric acid and 0.00002 to 0.02 M hydro- 
fluoric acid, found no essential change іп the separation as a result 
of changing the hydrofluoric acid concentration. 

Anion exchange of the chloro complexes of zirconium and hafnium 
was demonstrated by Huffman, Iddings, and Lilly [114]. Zirconium 
and hafnium, in quantities of 3.8 g each, were absorbed slowly at 
the top of the column. Тһе absorbed metals were eluted, hafnium 
first, from the Dowex-2 resin with 9 M hydrochloric acid at a rate 
of 10-19 ml/hr. The lucite column was 11 сіп long and 6.5 mm ID. 

Rajan and Gupta [115] eluted hafnium from Amberlite TR A-400 
with 1 N Н;5О, A 3-4 g quantity of resin was equilibrated with 
a stock solution containing 4-5 œ of potassium double fluorides in 
2 liters of water. The saturated resin was placed on top of columns 
55 ст long and 2.2 em in diameter with the resin in a chloride or 
| sulfate form. The bed was eluted with 1 N HSO; until the oxides 
in the effluent diminished; then the eluting concentration was grad- 
ually raised to 2 №. About. 90 percent of the zirconium oxide was 
recovered free of hafnium. 


Adsorption 


The selective adsorption of hafnium compounds by activated silica 
gel was first reported by Hansen and Gunnar [116, 117]. A 1:5 
solution of zireonium-hafnium tetrachlorides in methanol was slowly 
passed through a 30-inch column of silica gel which had been activated 
at 300? C for 4 hours. Тһе first effluent was essentially free of 
hafnium. Тһе adsorbed hafnium-zirconium compounds were stripped 
from the silica gel using methanol containing 1.2 M anhydrous hydro- 
gen chloride. 


. ——"—-—X——À ——— — oe 
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Subsequent developments [118] showed that methanol was a better 
solvent than acetone, acetic acid, water, ethanol, or isopropanol. 
Acetone solutions gave good preferential adsorption of hafnium, but 
tarry decomposition products were also formed. No other ketones 
were tested. The column capacity was limited by the product 
purity. Using the normal 2 percent hafnium-zirconium tetrachloride, 
a product containing less than 100 ppm hafnium could be obtained 
if the feed were limited to 1 pound of entering tetrachloride to each 
10 pounds of SiO,. For columns filled with 28-200 mesh silica gel, 
а flow rate of 20 cm/hr based on an empty column was recommended. 

Most of the adsorbed zirconium could be preferentially stripped 
from the column with methanol. А subsequent stripping with 
methanol containing 2.5 M anhydrous hydrogen chloride will remove 
both zirconium and hafnium from the column, with the hafnium con- 
centrated to 37 percent in the stripped product. Ап aqueous 7 N 
sulfuric acid solution will remove all traces of both metals from 
the column. 

The equilibrium constants [119] for the solvolysis of the tetra- 
chlorides in methanol and ethanol indicate more extensive solvolysis 
occurs in methanol, with hafnium tetrachloride reacting more than 
zirconium tetrachloride. It would appear that these equilibriums 
were the limiting factors in the selective adsorption. 

The zirconium can be recovered by distillation of the methanol 
for reuse. Тһе residues are taken up in hydrochloric acid and 
recrystallized as the oxychloride to remove common impurities such 
as aluminum, iron, and titanium. No attempts were made to convert 
the distillation residues directly to tetrachlorides. 

Further development of this process included operation of a 
continuous countercurrent pilot plant column [120] and a subsequent 
economic evaluation [191], which was not favorable compared with 
the hexonethiocyanate process. | 


Distillation 


Phosphorous Oxychloride Complex 


Van Arkel and de Boer [122] first published a procedure for 
separation of the two elements by what they termed a fractional 
sublimation of the complexes formed by zirconium-hafnium tetra- 
chlorides with phosphorous pentachloride. The freezing point and 
boiling point for the zirconium complex were given as 164.5? C and 
116? C, respectively. They also prepared the phosphorous oxy- 
chloride complexes with boiling points of about 360° C. 

A detailed investigation [123] of vapor pressures of the pure 
‚ oxychloride complex resulted in boiling point determinations of 
360? C and 355? C for the zirconium and hafnium compounds, re- 
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spectively. The ratio of the volatilities at the boiling points 15 1.14. 
The heat of vaporization for both complexes is 20.5 =0.5 Kcal. 

Ап experimental distillation in a glass Oldershaw column con- 
taining 50 physical plates with a feed of 2.5 percent hafnium/ 
zirconium produced a first overhead fraction (5 percent) containing 
16 percent hafnium/zirconium. After distilling away 40 percent of 
the charge, the residue contained less than 0.2 hafnium/zirconium. 

Williams e£ al. [124, 125] attempted to produce low-hafnium 
zirconium in a pilot plant built of Type 304 stainless steel with a 
4-inch diameter Oldershaw column. Although some preliminary 
work in glass columns showed considerable promise, the pilot plant 
unit never functioned smoothly or satisfactorily. Corrosion of the 
stainless steel was quite serious. 

Simultaneously, another installation [126-128], proceeding along 
similar lines but using only glass equipment, was able to produce a 
bottoms product. containing less than 0.1 percent hafnium/zirconium. 
The feed was 3 percent hafnium/zirconium. А 1-inch diameter 
Oldershaw column with 50 plates was used. On redistilling, a prod- 
uct was produced containing approximately 100 ppm of hafnium. 
One can only hypothesize that the success of this operation resulted 
in part from the use of glass equipment and from the practice of 
transferring the feed complex into the column boiler by distillation, 
which left many of the impurities behind in the feed make-up boiler. 

In neither case was a satisfactory procedure developed to recover 
the zirconium free of phosphorous. One procedure tried was to 
pass the oxychloride complex vapor through a hot bed of carbon 
[125] to produce zirconium tetrachloride and phosphorous trichloride, 
which could be separated by distillation. Although the results were 
not satisfactory, a recent patent [199] would indicate the successful 
development of this procedure. 


Tetrachlorides 


In the most. commonly used production procedure, zircon sand is 
converted into hafnium-zirconium tetrachlorides which are put into 
aqueous solution as feed for a separation process. The separated 
metals are recovered as oxides and converted into their respective 
tetrachlorides for reduction to metal (see Fig. 9.1). Obviously a 
method of separating the metals by distillation of their tetrachlorides 
would be a most logical improvement in the production procedure. 
For this reason, considerable attention has been given to this ap- 
proach, but the results have not been too promising. 

Considerable information is available about the vapor pressures of 
the zirconium tetrachloride. Scarborough and Plucknett [130] deter- 
mined the vapor pressure of zirconium tetrachloride by molecular 
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effusion in the range of 70 to 120° C. The equation for the vapor 
pressure 18 
Log Pmm= — 4438/T + 8.937. 


Also, the mean molar heat of sublimation was calculated to be 
20.3 = 1.0 Kcal per mole. 

Kubn, Куоп, and Palko [131] measured the vapor pressures of zir- 
conium and hafnium tetrachlorides in the range 230-420° C and 
found the following relationships: 


Vapor pressure Triple point 
ZrCl, Log Р, = —5400/T+11.76 437? C and 14,500 mm 
НЕСІ Log P,,,, = —5200/+11.74 434° C and 25,000 mm 


A very recent patent [132] has been issued for the purification of 
zirconium tetrachloride by fractional distillation. A mixture of 
hafnium-zirconium tetrachlorides is fractionally distilled under pres- 
sure equal to the equilibrium vapor pressure in the fractionating zone. 
The boiling liquid temperature in the hot end of the fractionating 
zone 15 kept in the range of 455 to 520° С. А zirconium tetrachloride 
product low in hafnium is removed from the hot end of the frac- 
tionating zone, and a product enriched in hafnium tetrachloride is 
removed from the low temperature end. 


Tetrachloride-Fused Salt Solvent 


A new variation of the tetrachloride distillation process [133] 
can be operated at atmospheric pressure. The use of stannous 
chloride as a solvent for the tetrachlorides provides a liquid phase 
for conventional distillation procedures. Most important, the stan- 
nous chloride does not form addition products with the tetrachlorides 
at the operating temperatures, so that complete separation is pos- 
sible. Single stage separation factors of almost 2 can be obtained. 

A liquid feed solution containing 1 part of mixed hafnium and 
zirconium tetrachlorides dissolved in 2 parts of molten stannous 
chloride at 260° C is introduced into the middle of a distillation 
column. Molten stannous chloride is also fed in at the top of the 
column. Temperatures in the column range from 250° C at the top 
to 4509 С at the bottom. Hafnium tetrachloride vapors are taken 
from the column top. Zirconium tetrachloride-stannous chloride 
solution from the reboiler is passed through a stripping column at. 
600° C to recover the zirconium tetrachloride. Considerable corro- 
sion may occur with this system also. 

A recent patent [134] proposes a fused-salt system using alkali 
and alkaline earth chlorides as a liquid phase. Hafnium enrichment 
only is claimed. Studies by the U.S. Bureau of Mines [135] lead 
to the conclusion that while some separation or enrichment can be 
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obtained, the formation of addition compounds such as NaCl-ZrCl, 
prevents the complete separation of the tetrachlorides by this method. 


Other 


Hoekstra and Katz [136] prepared borohydrides of hafnium and 
zirconium by reacting the salts ХаНТЕ; or NaZrF; with aluminum 
borohydride. The borohydrides are the most volatile known com- 
pounds of hafnium and zirconium. The vapor pressure data shown 
in Table 2.13 indicate the possibility of separating these materials 
by distillation. 


Тағ 2.13—VAPOR PRESSURES OF HAFNIUM AND ZIRCONIUM 
BOROHYDRIDES [138 1 


Hafnium Zirconium 
borohydride borohydride 
Temperature (? C) V.P. (mm) V.P. (mm) 


Ove elec hee УИ 2. 2 1. 


1Courtesy of the Journal of the American Chemical Society 


Bradley and Wardlaw [137-139] prepared various alkoxides of 
hafnium and zirconium and investigated their relative volatilities as 
a possible means of separating hafnium and zirconium. The boiling 
points of the alkoxides are shown in Table 2.14. 

Although monoxide vaporization 1$ not recommended as the basis 
for a separation method, the monoxide of zirconium 18 either more 
stable or more volatile fhan the corresponding monoxide of hafnium. 
As a result, during the electron beam melting of hafnium, a con- 
siderable reduton of zirconium content occurs via the mechanism 
of zirconium monoxide evolution (see Chap. 4) 


TanLE 2.14—BOILING POINTS OF HAFNIUM AND ZIRCONIUM 
ALKOXIDES [139] 


В.Р. of Hf(OR)4 В.Р. of Zr(OR)s 
Alkyl (R) 


ec P(mm) ec P(mm) 


180-200 


Tert-butyl.......... 2 90 


) 0. 0. 
Isopropvl............. 170 0. 35 172 0. : 

6 6. 
Tert-amyl............ 92 0 0. 


1 
3 

5 92. 5 
1 95 


| 
| 
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Selective Partial Reduction 


Lower halides of zirconium have been known for some time, and 
some conditions for their formation have been published [140-142]. 
Possible partial reduction was noted during the Kroll reduction of 
commercial zirconium tetrachloride (2 percent hafnium) by workers 
at the U.S. Bureau of Mines. The volatile gases bled from the 
furnaces tended to be enriched in hafnium, especially near the end 
of the reduction run. 

Although other investigators have succeeded in producing lower 
halides of hafnium and zirconium by partial reduction, Newnham 
[143-145] made the first thorough study of these partial reductions 
with the intent of separating the two metals. Newnham found that 
under certain conditions zirconium tetrahalide will be reduced to a 
trihalide while the corresponding hafnium tetrahalide is unaffected. 
Zirconium or zirconium dihalide are the preferred reducing agents, 
although zinc, aluminum, or magnesium reportedly can be used. 

Crude zirconium tetrachloride is selectively reduced by zirconium 
or zirconium dichloride at 420° C, producing zirconium trichloride. 
When the reaction is complete, hafnium tetrachloride and any un- 
reacted zirconium tetrachloride can be sublimed away at 200-300° C 
in a vacuum. These tetrachlorides may contain up to 30 percent 
hafnium tetrachloride. Upon heating above 450° C, the zirconium 
trichloride will disproportionate to mixed dichloride and tetra- 
chloride, the latter being removed by sublimation. The hafnium 
content of this tetrachloride will be about 0.05 percent. The 
zirconium dichloride can be reused in the reduction step. The 
optimum temperature of the reduction is controlled by the reducing 
agent selected and the operating pressure. 

Recent patents [146, 147] by Newnham cover the use of tetraiodides 
in the above type of separation. Тһе reduction is carried out at 
500? C in a previously evacuated vessel; then the unreacted tetraio- 
dides are collected on a cooled surface. Тһе triiodide is dispropor- 
tionated at 350? C, the tetraiodide being removed by sublimation. 
Operating pressures are not. given. 

Since hafnium tetrahalide is not reduced іп these processes, no 
hafnium should be present in the trihalide. Under careful laboratory 
conditions [144], nonvolatile zirconium trichloride has been pro- 
duced which contained only 0.01 percent hafnium. This is the 
greatest separation recorded for one stage of any separation process. 
Unfortunately, the volatile hafnium tetrahalide product always con- 
tains some unreacted zirconium tetrahalide, so that complete separa. 
tion of the two metals to yield pure hafnium is quite difficult. 

This process has the obvious advantage that the hafnium-free 
zirconium is recovered as the tetrachloride, suitable for reduction 
to the metal. One difficulty experienced with this process 15 that the 
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trichloride tends to form a solid cake over the surface of the reducing 
agent, requiring either a large surface area or some means of con- 
tinuously exposing new surfaces. Commercial use of the process has 
not been announced, but considerable industrial development has been 
conducted in this country. 

Larson and Leddy [148] investigated the reactions between the 
metals zirconium and hafnium and their respective halides. АП 
reactions were conducted at 400 to 700° C with a corresponding high 
pressure. The iodides were most easily reduced, followed by the 
bromides and chlorides. No reaction was observed with the fluorides. 
The trivalent halide products disproportionate to the dihalide and 
tetrahalide, but the reaction rate was slow below 450° C which con- 
firms the data of Newnham regarding the tetrachlorides. Larson 
and Leddy concluded that under the conditions used, the difference 
in reduction was not great enough for a metal separation process. 

A recent paper [149] on selective reduction using an aluminum 
reducing agent showed good separation. Two steps of reduction re- 
duced the hafnium content from 2.45 percent to 0.02 percent. How- 
ever, the zirconium was recovered by aqueous leaching, requiring a 
chlorination step between each reduction. Here, as in the work of 
Newnham, a crust. formed on the surface of the reducing agent, 
materially reducing the rate of reduction. 

Some work has been conducted on the use of sodium or magnesium 
to selectively reduce zirconium from the double fluorides leaving an 
enriched hafnium salt. 


Vapor Phase Dechlorination 


Using the currently available thermodynamic data, Prakash and 
Sundaram [150] calculated the free energy change for the following 
reaction for hafnium and zirconium tetrachlorides: 


The data indicated that hafnium tetrachloride should be quite 
stable while zirconium tetrachloride would be converted to the oxide. 
The calculated equilibrium pressure ratio Pei: Po, for the oxide 
formation at 800°C is 3.08 x 10% for the zirconium reaction апа 
1.06 x 1075 for the hafnium reaction. 

Zirconium tetrachloride containing 2.5 percent hafnia on an oxide 
basis was sublimed m a chloride atmosphere and led into a heated 
reaction chamber where it was mixed with a stream of chlorine and 
oxygen. The nonvolatile oxide dropped to the bottom of the 
chamber while the unreacted chlorides were carried to condensers. 
With a chlorine-to-oxygen ratio of 1:2 and a furnace temperature of 
800° C, the oxide contained 1.4 percent hafnia after 1 hour and the 
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volatiles contained about 25 percent hafnia. Similarly, with a 
chlorine-to-oxygen ratio of 1:1 at a temperature of 500° C, after 
2 hours the oxide contained 1.29 percent hafnia and the volatiles 
contained more than 25 percent hafnia. The zirconia recovery 
ranged from 90 to 97 percent. 

Evans [151] recalculated the free energy changes for the reactions 
using newer thermodynamic data. The results indicate that the 
hafnium reaction is appreciable at all temperatures and that a 
separation is theoretically possible, but with considerably less effi- 
ciency than theoretically indicated from the calculations of Prakash 
and Sundaram. Evans suggested that the mixed chlorides should 
be reacted with a slight stoichiometric deficiency of oxygen in a 
closed static system under pressure. The possible formation of 
oxychlorides was not considered іп the above discussions, presumably 
because zirconium oxychloride is known to decompose at about 350° С. 
However, some investigators [152] have felt that a stable, volatile 
hafnium oxychloride may exist. 


Electrolysis 


French investigators [153] have obtained hafnium enrichment 
during electrolysis of a fused solution of K2ZrF, and NaCl in a 
graphite crucible at 850° C in an argon atmosphere. Cathodes were 
rods of molybdenum, nickel, or iron. The crucible served as the 
anode. Using a cathode current density of 200 amp/dm?, enough 
current was passed through the cell to theoretically deposit. one-tenth 
of the total metal content of the bath. The zirconium dendrites con- 
tained 0.05 percent hafnium whereas the initial K;ZrFg contained 
0.6 percent hafnium/hafnium + zirconium. Current. density and 
voltage have no significant influence on the degree of separation. 
The hafnium content of the dendrites is consistently about 8 percent 
of the hafnium-zirconium metal ratio in the fused salt over а con- 
siderable range of hafnium contents. 

Unpublished work in this country in which soluble zirconium- 
hafnium anodes in fused salt cells were used had similar results 
[154]. When a metallic anode containmg Zr, Ti, and Hf is taken 
into solution in an electrolyte in a molten alkalinous chloride con- 
taining lower chlorides of Zr and alkalinous metal, the hafnium 
remains in the anode slime. Metallic zirconium or zirconium 
chloride substantially free of hafnium is formed at the cathode. 
Impure ZrO which has been reduced with metal can be used аз 
anode material. The zirconium chloride produced in this operation 
contained 0.01 percent hafnium from starting anode material con- 
taining 1.8 percent hafnium. 
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Fractional Precipitation 


Until the advent of liquid-liquid extraction and ion-exchange 
techniques, crystallization and fractional precipitation were the most 
commonly used methods of separating hafnium and zirconium. Of 
the two, fractional precipitation is generally faster and more 
efficient. for laboratory purposes. 


Phosphate Precipitation 


Of the fractional precipitation methods, the phosphate precipita- 
tion is the most. widely used. Both hafnium and zirconium form 
quite insoluble phosphates in acid solution, with hafnium being less 
soluble. Тһе complete phosphate precipitation 1$ commonly used 
to remove hafnium and zirconium from all other metals in acid 
solution. As a separation method, (1) the metal phosphates are 
complexed and dissolved in an acid solution, then part of the com- 
plex is destroyed, allowing a fraction of the metal to form the 
phosphate precipitate, or (2) only enough phosphate is added to an 
acid solution of hafnium and zirconium to precipitate a fraction of 
the combined metals. 

Freshly precipitated zirconium-hafnium phosphates will dissolve 
in hydrofluoric acid, concentrated oxalic acid, concentrated sulfuric 
acid, or phosphoric acid. Then the zirconium-hafnium fluo-phosphate 
complexes can be broken by adding sodium borate, silicate, or other 
fluoride-complexing agent, allowing the phosphates to precipitate 
[155]. The hafnium fluo-phosphate complex is less stable than that 
of zirconium, and hafnium phosphate is less soluble than zirconium 
phosphate, so hafnium concentrates in the precipitate. 

The phosphates dissolved in concentrated sulfuric acid can be 
reprecipitated upon dilution with water. However, satisfactory 
filtration of the precipitate requires enough dilution that essentially 
АП of the phosphate is reprecipitated. De Boer’s recommended pro- 
cedure [155] is to divide the original phosphate precipate into two 
parts. The first half is dissolved in concentrated sulfuric acid. 
The second half is dissolved in hydrofluoric acid, then precipitated 
as hydrous oxides with sodium hydroxide, washed free of fluoride 
and phosphate ions, and dissolved in concentrated sulfuric acid. 
The two solutions are mixed, and phosphate precipitation occurs 
upon dilution with water. Using this method only 12 to 15 frac- 
tionations are needed to obtain a practically pure hafnium product. 

The oxalate-phosphate complex should be diluted with sulfuric or 
hydrochloric acid rather than with water. By dissolving the phos- 
phates in cold, saturated oxalic acid, then diluting with hydrochloric 
acid, a practically pure hafnium product. was obtained after 26 
fractionations. 
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Bardet and Toussaint [156] added phosphoric acid (15 of the 
amount needed for complete precipitation of the zirconium and 
hafnium) to a concentrated sulfuric acid solution of the metals, then 
diluted the solution with water. The precipitates were fused with 
alkali carbonates or boiled with sodium carbonate. The resulting 
hydrous oxides were redissolved in concentrated sulfuric acid for 
further fractionating. After seven fractionations, the hafnium con- 
tent had been raised from 3 to 90 percent. 

Larsen, Fernelius, and Quill [157] prepared zirconyl sulfate by 
digesting one part of cyrtolite in two parts of concentrated sulfuric 
acid at 210° С. The dilute water-extracted zirconium sulfate solution 
and a dilute phosphoric acid solution were simultaneously sprayed 
into a 10 percent sulfuric acid solution at 70° C. A dense, easily fil- 
terable precipitate formed. For the best. separation, phosphoric acid 
equivalent to only 35 to 45 percent of the combined zirconium-haf- 
nium oxide was used. The precipitate reacted with sodium hydroxide- 
sodium peroxide to yield disodium hydrogen phosphate and zirconium- 
hafnium peroxides. The peroxides were readily soluble in sulfuric 
acid. In this manner the hafnium content of an oxide mixture was 
increased from 13 to 93 percent in seven fractional precipitations. The 
product yield was 10 percent of the original hafnium content. Sim- 
ilarly, a hafnium-free zirconium sulfate solution was produced by two 
precipitation stages, starting with 2-3 percent hafnium to zirconium 
material and precipitating 60 percent of the combined oxides in each 
stage. 

Willard and Freund [158] hydrolyzed triethyl phosphate in 6N sul- 
furic acid containing zirconium-hafnium sulfates. Тһе precipitated 
compound was hafnyl ethyl acid phosphate—HfO [H(C.Hs) 
(РО.) І-2Н,О. The slow hydrolysis ensures а low phosphate ion 
concentration resulting in a more selective precipitation of hafnium 
and, necessarily, a very slow rate of production. Тһе superiority of 
the precipitation from homogeneous solution сап be seen from the 
separation factors [159] which averaged 4.5 for the phosphoric acid 
compared with 6.3 for the triethyl phosphate. 'Trimethyl phosphate 
was suggested as a more easily hydrolyzed phosphate. Тһе optimum 
fraction of combined oxides to precipitate for maximum separation 
and recovery varies with the hafnium content of the starting oxide. 
In one series of five precipitations, 215 g of oxide containing 16.0 w/o 
hafnia were enriched to 7.16 g of oxide containing 91.1 w/o hafnium, 
which was a 23.8 percent recovery of the original hafnium content. 

The homogeneous solution precipitation was employed by later 
researchers [160] using both triethyl phosphate and acid ethyl 
phosphate. Also, a pilot plant development using triethyl phosphate 
was in operation for a short time [161 ]. 
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Willard and Freund [158] also demonstrated that the separation 
is dependent. on the ionic form of the zirconium-hafnium in solution 
as well as the relative solubility of the phosphates. On precipitating 
one-third of the total oxides from a 6 N acid solution, the following 
portions of the hafnia were removed from solution: 


Sulfuric Acid _________ 2... 0.623 
Nitric Acid _______________________________________ 0.516 
Hydrochloric Acid _________________________________ 0.513 


This is in agreement with the data given by Blumenthal [162] 
indicating the zirconium is in an anion complex in sulfuric acid 
solutions but is present as a cation in hydrochloric acid. 

The arsenates and antimonates react analogously to the phosphates 
[163] but are not so insoluble as the phosphates. The separations 
show no advantage over the phosphate precipitation, and the precipi- 
tates are difficult to filter. Gump and Sherwood [164] obtained a 
more crystalline arsenate precipitate by using the homogeneous 
solution precipitation technique. Тһе arsenate was formed in solu- 
tion by slowly oxidizing sodium arsenite with nitric acid. No 
information is available to indicate whether this procedure would 
increase the effectiveness of the separation obtained by partial 
precipitation of the arsenates. 


Ferrocyanide Precipitation 


In 1999 Prandtl [165] proposed the following procedure which 
does not. require the strong acid solutions of the phosphate precipita- 
tions. Ammonium sulfate is added to a boiling solution of zirconium- 
hafnium sulfates, then 200 сс of cold saturated oxalic acid solution 
is added for every 100 с of oxide in solution. To the warm solution, 
sodium ferrocyanide 1s slowly added while stirring. After several 
hours a yellow precipitate forms. The precipitate, enriched in 
hafnium, can be converted into hydrous oxides using sodium hy- 
droxide and redissolved in sulfuric acid to continue the process. 
In three steps, Prandtl] claims to have gone from 400 g containing 
25 percent hafnium oxide to 27 g containing about 90 percent 
hafnium oxide. 

Schumb and Pittman [166] made a detailed study of Prandtl's 
ferrocyanide separation. method. They determined the effect of 
dilution and acid. concentration and various proportions of am- 
monium sulfate, охаПе acid, and sodium ferrocyanide on the hafnium 
separation. The following procedure was recommended for maximum 
separation: 

To a solution of 100 ¢ of oxychloride in 300 cc of water is added 
30 сс of concentrated sulfuric acid, 100 © of ammonium sulfate, and 
100 сс of oxalic acid saturated solution at room temperature. Тһе 
resulting solution should be clear, but, if a white precipitate forms, 
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an additional 50 cc of water should make the solution clear if left 
standing. A solution of 50 g of sodium ferrocyanide in 50 cc of 
water is then added dropwise from a buret over a period of several 
hours while the zirconium-hafnium solution is being stirred vigor- 
ously. The yellow precipitate formed during the foregoing step 
should be left standing for at least ап hour before filtration. The 
zirconium-hafnium ferrocyanides can be reacted with ammonium 
hydroxide to form zirconium-hafnium hydroxides. 


Caustic Leaching 


The more amphoteric nature of hafnium has been utilized in 
caustic leaching of precipitated hydrous oxides [171]. The following 
tabulation, determined by radioactive tracer techniques, gives the 
relative solubilities of the hydrous oxides: 


Solubility (g/l) 
Hydrous Оз44е ?ФЛАНОН 1.8 М NaOH 


ОРООНО. se ee сены: 0. 002 0. 03 
НО; 2Н;О...................... 0. 0003 0. 24 


Using the foregoing procedure, in four successive ferrocyanide 
precipitations the hafnia content of an oxide mixture was enriched 
from 12 to 80 percent. The recoveries are low because only 15 percent 
by weight of the oxides are precipitated in one precipitation. 


Peroxide Precipitation 


The hydrous oxides and phosphates of zirconium and hafnium 
dissolve easily in hydrogen peroxide and sodium hydroxide forming 
sodium perzirconate and perhafnate. Upon heating these solutions, 
zirconium and hafnium precipitate as hydrous oxides. De Hevesy 
[167] and Rose [168] state that the perzirconate is less stable than 
the perhafnate, while de Boer [163] found that the perhafnate 
decomposes more easily. The formation of zirconium peroxysulfate, 
but not hafnium peroxysulfate, is claimed [169] upon the addition 
of an excess of hydrogen peroxide to a sulfate solution of the metals. 
Recently, however, Duke and Bremer [170] have shown that the 
peroxides of zirconium and hafnium have the same solubility and 
stability toward decomposition to the hydrous oxide. Similarly, 
both peroxysulfates exist and have similar properties. 

After a zirconium-hafnium solution containing 1.8 percent hafnia 
was precipitated with strong sodium hydroxide and the precipitate 
filtered off, the filtrate contained 40 percent of the original hafnium, 
and the hafnia content was 36 percent of the total oxides in the 
filtrate. Further: development [172] showed that higher tempera- 
tures increased the hafnium recovery. Тһе presence of anions such 
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as carbonate, fluoride, or sulfide materially increased the recovery, 
but. with a slight decrease in the degree of enrichment. Тһе presence 
of sodium silicate represses the hafnium solubility. 


Thermal Decomposition 


Differences in thermal stabilities of the compounds of zirconium 
and hafnium were mentioned by de Hevesy [173] who stated, 
“While zirconium sulfate begins to decompose above 400? C, the 
temperature at which hafnium sulfate undergoes marked decom- 
position lies about. 100? higher." Subsequent leaching should enable 
some separation but has never been developed as a practical process. 


Fusion 


Fusion of pure zirconium or hafnium pyrophosphates with reagents 
such as sodium sulfide; sodium sulfide and ammonium chloride; am- 
monium: chloride and magnesium carbonate; barium chloride and 
magnesium carbonate; magnesium chloride; or calcium carbonate 
and sodium hydroxide has been used in a study [174] of separation 
procedures. The fusion products were leached with dilute hydro- 
fluoric acid. With the sodium sulfide or magnesium carbonate and 
ammonium chloride mixture fusions, the hydrofluoric acid filtrate 
contained about. 90 percent of the zirconium, but. only about. 50 per- 
cent of the hafnium was leached out under similar conditions. This 
was therefore suggested as a method for separation. 


Ion Migration 


Kendall and West. [175] tried to separate zirconium and hafnium 
by an ionic migration method. The elements were not amenable to 
separation in the form of positive ions because of hydrolysis. 
Fluoride, sulfate, and oxalate complex anions were tried, with the 
oxalate being most suitable. After several days migration, analysis 
showed a very slight accumulation of hafnium toward the anode, 
but the mobilities of the complex anions were evidently so similar 
that a complete separation was impractical. 


Paper Chromatography 


A mixed nitrate solution [176] was eluted down strips of What- 
man's No. 1 or No. 3 paper using a dichlorotriethylene glycol-nitric 
acid mixture for a solvent. After 18 hours, the separated band 10- 
cations were determined by spraying with an alizarin-ethyl alcohol 
solution. Zirconium progressed more rapidly than hafnium. De- 
tection of 2 ug of each metal was possible, as well as estimation of 
the relative proportion of each metal. Earlier work [177] was done 
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with ethyl ether-nitric acid mixtures and also with 2-ethyl n-butyl 
cellosolve and ethyl acetate. 


Diffusion 


Separation of zirconium and hafnium by differences in the diffu- 
sion rates of their volatile compounds would seem to offer possi- 
bilities. А research contract was granted to the University of 
T in 1957 to try sucl arati sing a horizontal tl 1 

ennessee in 1957 to try such a separation using а horizontal therma 
diffusion column [178]. However, McTaggart and Newnham [179] 
mention that diffusion experiments were not successful. 
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Chapter 3 


HAFNIUM REDUCTION PROCESSES 


By E. W. SurrH ! AND W. W. STEPHENS ! 


3.1 HISTORICAL 
General 


Because hafnium was not discovered until 1992 [1], the reduction 
of hafnium compounds to metal naturally occurred very much later 
than the reduction of titanium and zirconium. Even after the dis- 
covery of hafnium, the very difficult problem of separating hafnium 
and zirconium resulted in availability of only very small quantities 
of hafnium compounds with which to work, and these quite often 
contained considerable zirconium. 

Professor C. James of the University of New Hampshire reduced 
a “hafnium salt” to metal in 1924, but through an interchange of 
fractions by careless workmen the salt actually contained a con- 
siderable amount of zirconium [2]. 

А survey of the literature indicates that while a great many re- 
duction processes were tried on zirconium compounds, relatively few 
were tried on hafnium compounds. Again it might be said that 
zirconium is, comparatively, a much *older" element, and a great 
deal of interest was not directed toward its production until after 
World War II. Another reason for less experimental work having 
been done with hafnium is its close chemical similarity to zirconium, 
resulting in the assumption that reactions which succeeded or failed 
with zirconium would behave in a similar manner with hafnium. 
Underlying all this is the fundamental fact that a scarcity of hafnium 
compounds precluded major work. 

From the onset. of reduction of hafnium compounds to metal, the 
product has been quite brittle. Reduction procedures used to pro- 
duce good quality, highly ductile zirconium fail to yield comparably 
ductile hafnium. Embrittlement is the result of the presence of 
interstitial contaminants, especially oxygen. For a given weight 
percentage of oxygen, hafnium is less ductile than zirconium [3]. 


1 Carborundum Metals Co. 
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Although some investigations were made in the period from 1923 
to 1951, it was not until January of 1951 that the first serious effort 
was made to produce large quantities of hafnium metal [4]. Ш 
fact, it was not until that time that a reasonably good separation of 
hafnium from zirconium was effected. Even then the first few 
pounds of “hafnium” produced at the U.S. Bureau of Mines Station 
at Albany, Oregon was 28 percent hafnium and the remainder 
zirconium. With a few months another shipment, this time 350 
pounds, of 99 percent hafnium oxide was reduced to hafnium metal 
by the Kroll method in which the tetrachloride was reduced with 
magnesium. During the first year of production at the Bureau, 
8,634 pounds of hafnium oxide were utilized to produce 3,075 pounds 
of clean sponge. Actual production techniques were almost identical 
with those used in zirconium production. 


Reduction to Lower Halides 


Some research has been done on the reduction of the hafnium tetra- 
halides to trihalides [5]. The purpose of the investigation was to 
determine the relative ease of reduction of the four halides as: 
Hf+3HfX,(g)—-4HfX;(s). Formation of the lower halides was 
favored by increasing temperature in the range of 200—700? C and/or 
by increasing pressure in the range of 5-15 atm. НҒЕ, could not be 
reduced to hafnium, but ease of reduction increased from the chloride 
to the iodide. 


Reduction of Fluorides 


The first hafnium metal ever produced, which is credited to 
de Hevesy, was made by the reduction of potassium hafnium hexa- 
fluoride with sodium as the reductant [6, 7]. Reduction of hafnium 
tetrafluoride with calcium has been made in 6-inch diameter and 
214-inch diameter steel containers lined with calcium fluoride [8]. 
The charge for the smaller reactor consisted of 350 g of НЕЕ, 
275 g 15, 199 о Ca, and 65 g Zn. Biscuits of hafnium-zinc as large 
as 16 pounds were made in the larger reactor. Zinc was used to ob- 
tain a low enough melting point alloy to allow the hafnium to be 
consolidated into a single mass rather than dispersed throughout 
the charge as sponge or beads. Zinc was removed from the 
hafnium-zinc alloy biscuit by heating slowly to 1,800? C in a 
graphite crucible under vacuum. The over-all yield after reduction 
and dezincing was 97 percent. Some of the sponge hafnium was 
arc-melted producing an ingot with a hardness of 69 Rockwell A. 


2 Process description from Ref. 8 courtesy of the Electrochemical Society. 
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The ingot was hot rolled but was too brittle to be easily cold 
worked. Analytical results from this ingot are listed in Table 3.1. 
Although oxygen content of the sponge was not determined, the 
statement was made that it was undoubtedly present in considerable 
amounts as indicated by the extreme brittleness of the material. 


TABLE 3.1—INGOT ANALYSIS 


Element ш/о 

О: ТЕН ИЛАН ны as ee et anes NORRIS <0. 01 
По ЕРЕЕН < 0. 01 

МЕ о а а ДАРДЫ ы <0. 01 

Ne See alae РЕГИОНИТЕ ЕИ <0. 01 

П ot ens SP a ea "КЕРЕГЕ <0. 002 

УЛ MEE RERO КЕЛЕ ТКТ ERI <0. 01 

C MOERS PERUENIRE 0. 07 
ТЪРСИТЕ ИЕА Dee 0. 05 

E ЕЕЕ oer eae ТТК Not determined 


Another series of bomb reductions was made on hafnium tetrafluo- 
ride at Oak Ridge National Laboratories using calcium as the re- 
ductant with iodine as a booster [7]. The reaction mixture was 
contained in a tamped calcium fluoride liner within a steel container. 
А cover of calcium fluoride was placed over the mix and then enclosed 
by a bolted steel cover. A rod of molybdenum, tungsten, or tantalum 
was pushed laterally through sleeves provided in the chamber so as 
to be in contact with the charge. Evacuation followed by backfilling 
with the argon was repeated several times, and then the unit was 
sealed under one atmosphere pressure of argon. The reaction 
HfF,+3Ca+ L—Hf+2CaF,+Cal, was initiated by passing a cur- 
rent through the rod. This highly exothermic reaction generated 
sufficient heat to fuse some of the reduced hafnium in the bottom of the 
reaction vessel. A dense button was not obtained in these reactions 
even though some yields were good. The high melting point of the 
hafnium metal was considered to be the principal cause of porous 
buttons. Analytical results from this button are listed in Table 3.2. 


TABLE 3.2—ANALYSIS OF HAFNIUM METAL (Hf-2 w/o Zr) [9] 


( Impurities in ppm) 


7, V ЕНЕР ЕТЕККЕ 400  Cu........-..-.- 207 Juntas « 100 
Вере 10 ео 206 PDic-nse52 ee 10 
Bates ieee ыды > 100) "ре 2100 SI 225p Exe 100 
Ве emere «0.02 | Mg...........- 100: Би « 10 
Che Sete ТЕ 300 Мп.-_---------- 10° "VPiunnssiessithmes 4 
Od Lom D aaa 29. Мое ІП: РОТОР 10 
б Seco E cee <10 Ма “100... пісір ы < 100 
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Reduction of Oxide 


Early work involved the reduction of hafnium oxide to metal with 
several different reductions. De Boer and Fast [10] indicated that 
reduction of hafnium oxide to metal was superior to the reduction 
of hafnium tetrachloride to metal because of the difficulties encoun- 
tered in the intermediate chlorination of the oxide. They reduced 
the oxide with both Ca-Na and Mg-Na. The results of the reduc- 
tions showed that the separation of hafnium and zirconium was not 
complete, and fractionation was believed to have occurred during 
chlorination. In one case, the hafnium oxide was reduced with 
calcium and sodium to the crude metal and subsequently purified 
by the iodide process to produce bars of hafnium having a density of 
12.62 g/cc which is equivalent to 90 а/о hafnium. In the second 
case, the hafnium oxide was chlorinated, and the resultant tetra- 
chloride was reduced to crude metal using the same reducing agents 
(Ca and Na) as in the first instance. Subsequent iodide purification 
of the metal resulted in bars with a density of 11.75 g/cc. 

The comparison of hafnium metal reduced from the oxide and the 
tetrachloride indicated that the iodide bars reduced from the starting 
material of hafnium tetrachloride consistently had a more lustrous 
and cleaner appearing surface than the iodide bars produced from 
metal reduced directly from the oxide. In the investigations of 
de Boer and Fast, the surface appearance of hafnium bars never was 
as good as that. obtained on zirconium bars. 

From one series of phosphate fractionations in the separation of 
hafnium from zirconium, the highest fraction was considered to 
contain 100 percent hafnium in the oxide produced. Seventy grams 
of the oxide, when reduced with a mixture of calcium and sodium, 
yielded 53 g of hafnium metal. The metal was divided into ten 
portions and purified by the iodide process to 35.5 g of hafnium rod 
with densities ranging from 13.02 to 18.1 g/cc; however, the ductility 
of all the rods was very low. 

The reduction of hafnium oxide was said to have taken place com- 
pletely and quickly when hafnium carbide was introduced into the 
melt of pure metal followed by the addition of hafnium oxide in the 
solution [1]. Heraeus Vacuumschmelze A-G (1933) used a vacuum- 
induction furnace for this type of reduction. 

Even though many reductions of small samples of hafnium oxide 
were made by investigators and some hafnium metal appeared as 
good as that reduced from the halides, particularly the tetrachloride, 
later investigations completely bypass hafnium oxide as a starting 
material. Regardless of how complete the reduction of hafnium 
oxide seems to be, the hafnium metal is embrittled. As with other 
reactive metals in which a very small amount of oxygen contamina- 
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tion has a detrimental effect on the properties of the metal, it seems 
that the direct reduction of hafnium oxide to the metal will never 
be commercially feasible. 


Reduction of Tetrachloride 


The reduction of hafnium tetrachloride to crude hafnium metal has 
been utilized since shortly after the discovery of hafnium. De Boer 
and Fast made several reductions of hafnium tetrachloride, but, as 
previously mentioned, the chlorination of hafnium oxide was difficult, 
and, as a result, they preferred direct reduction of hafnium oxide 
to that of hafnium tetrachloride [10]. 

However, despite the fractionation and difficulties in chlorination 
of hafnium oxide, the subsequent iodide bars produced via the tetra- 
chloride had shghtly more ductile properties. The purest hafnium, 
that 15, metal with the highest density (13.31), was prepared by 
rechlorinating crude hafnium metal with a density of 12.9-13.1 and 
then subliming the tetrachloride three times in hydrogen atmosphere 
to produce dense white hafnium tetrachloride crystals. The tetra- 
chloride was reduced with sodium, then the crude metal was purified 
Бу the iodide process. One iodide bar was somewhat ductile and 
had a density of 13.14 with 97.5 a/o hafnium [10]. 

The reduction of the tetrachloride was carried out in an iron 
cylinder into which a second cylinder was inserted and pressed 
firmly against the mixture of HfCl, and Na. The cylinders were 
then welded together. The purpose of compressing the mix was to 
eliminate the maximum amount of air. The cylinders were then 
heated in an electric furnace to 850° C with a considerable exothermic 
effect during the reaction. Upon removal of the products the metal 
was found to have sintered. The crude hafnium was washed with 
alcohol, then water, and finally in boiling hydrochloric acid [1]. 

Litton [7]? describes the preparation of crude hafnium metal by 
reacting a 10 percent stoichiometric weight excess of magnesium 
powder with hafnium tetrachloride in a stainless steel reactor in 
which an annealed silver gasket was used for compression sealing. 
External heating to 650° C was used to initiate the reaction. The 
reaction products were removed and leached with 5 percent hydro- 
chloric acid followed by a distilled water wash and sizing through 
а 20 mesh screen. The +20 mesh hafnium was purified by the iodide 
process, and the —20 mesh was oxidized and returned to the chlor- 
inator. 

The range of spectrochemical analysis of 7.5 pounds of four lots of 
low-zirconium hafnium sponge which represents a 72 percent recovery 
from the oxide is listed in Table 3.3. 


3 Process description from Ref. 7 courtesy of the Electrochemical Society. 
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from the distillation retort and in subsequent handling to prevent 

losses. 

Large-scale production of hafnium sponge has been carried out 
at only three locations in the United States: first, at the U.S. Bureau 
of Mines Station in Albany, Oregon, where the earliest reductions 
were made in 1951, and later at the Akron, New York, plant of the 
Carborundum Metals Company, and the Albany, Oregon, plant of the 
Wah Chang Corporation. Production ceased at the Bureau of Mines 
in January 1955.1 

At the Bureau of Mines, until recently, separate steps and equip- 
ment were used for purification of the chloride and subsequent 
reduction to metal, while at. the Carborundum Metals Company the 
combination purification-reduction technique is used. 


Bureau of Mines Operation 


Hafnium production operations at the U.S. Bureau of Mines, 
Albany, Oregon, have been described by Holmes, Barr, and Gilbert 


as follows: 5 


T'he raw chloride is charged. (with baffles to promote heat trans- 
fer) into an Inconel can 25 inches in diameter and 40 inches high 
(Fig. 3.1). This can and chloride are then lowered into the pit- 
type furnace containing three heating zones—the lower or sub- 
liming zone, the middle or condensing zone, and the lead-seal zone. 
A floating top is immediately set in the furnace, and the lead- 
antimony seal ts frozen. Paraffin added and frozen on top of the 
lead completes the seal, and the furnace % evacuated to 25 mm of 
Hg with the lower zone set at 250° С. The furnace is backfilled 
with helium, and after 1 hour of soaking at this temperature the 
evacuation is repeated. This conditioning is to remove combined 
water and the more volatile chlorides, such as the chlorides of 
titanium. and silicon. 

Тһе lead seal is melted, and the lower zone temperature is grad- 
ually raised while the erpanding gases and volatile impurities are 
bled off. Air and then water cooling are applied to the сойз to 
collect the purified dense chloride. 

The temperature at which sublimation is carried out has been 
lowered and the purification time lengthened from that used in the 


4Currently the Atomic Energy Commission has the hafnium oxide produced by its 
zirconium producers, the Carborundum Metals Company, Columbia-National Corporation. 
the Mallory Sharon Metals Corporation, and Wah Chang Corporation, converted by the 
Wah Chang Corporation to the tetrachloride by the fused salt process and reduced with 
magnesium to sponge metal. Тһе Wah Chang Corporation, the Mallory Sharon Metals 
Corporation, and the Carborundum Metals Company employ the hexone-thiocynate process 
for the hafnium-zirconium separation, while the Columbia-National Corporation uses the 
tributyl phosphate process. 

5 The italicized text is quoted from Ref. 13. 
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FIGURE 3.1. Assembly of Purification Furnace (from USAEC—The Metallurgy 
of Zirconium, B. Lustman and F. Kerze, Jr., eds., McGraw-Hill, New York, 
1955). 


purification of zirconium owing to the possibility, at à high tem- 
perature, of carrying over oxychloride to the dense chloride. А 
temperature setting on the lower zone ( subliming zone) of 575? C 
has been found adequate for maintaining the optimum rate. 

The reduction of hafnium tetrachloride with magnesium is made 
in zirconium plant equipment without modification. 

After the purification has cooled sufficiently, the top with dense 
chloride on the coils is removed (Fig. 3.2) and placed in the 
reduction furnace which contains a mild steel crucible 25 inches 
in diameter and 20 inches in height. This crucible contains 140 
percent of the theoretical magnesium required for reaction with the 
dense chloride and 18 covered with a baffle (as shown in Fig. 3.3) 
to exclude any oxide residue falling from the coils. The furnace 
is sealed as in the purification and evacuated to 3 mm. of Hg with 
water cooling maintained on the coils, then backfilled with helium. 
This is repeated, then the lead seal is melted, the lower zone set 


to 775° C, and the floating top to 450° С. Again the furnace is 
bled as the gases expand and the chloride begins to sublime. When 
the magnesium has melted, the HfCl, 48 sublimed by heating the 
middle zone and reacts with the molten magnesium in the crucible. 
The sublimation rate is controlled by the middle zone heating 
element and air on the сой. During the initial reaction, which 
lasts 4 to 5 hours, the zone temperatures are controlled by additions 
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FIGURE 3.2. Dense Purified Hafnium Tetrachloride Condensed on Coil Attached 
to Purification-Reduction Furnace Top; Relative Location of Crucible and 
Baffles for Reduction Operation Is Shown. 
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FIGURE 3.3. Assembly of Reduction Furnace (from USAEC—The Metallurgy of 


Zirconium, B. Lustman and F. Kerze, Jr. eds, McGraw-Hill, New York, 
1955). 


of helium, so that the furnace runs 50° C cooler than in a cor- 
responding zirconium reduction, which is permitted to rise to 
875° C. This has been found to give a cleaner reduction and 
higher recovery of usable sponge. After the reduction is over, 
which is indicated by the necessity of adding helium to keep the 
floating top floating, the zone temperature at the reduction crucible 
is now raised to 920° C and held for 1 hour. Any hafnium sponge 
that may be on the sidewalls of the crucible, above the magnesium 
chloride cover, appears to be cleaner if this high finishing tem- 
perature 28 employed, and reduction byproducts are less pyrophoric 
when exposed to the atmosphere at the time of transfer to the 
salt-removal furnace. 

In the reduction furnace the hafnium sponge 18 obtained аз a 
magnesium saturated paste. In the distillation furnace (Fig. 3.4) 
where the crucible 18 inverted, the sponge usually slumps and rests 
on the table. Some difficulty is experienced in removing the dis- 
tilled sponge from the furnace, since when the crucible is removed, 
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the sponge remains on the table rather than staying in the pot 
where it can be protected from burning by an inert atmosphere. 
Due to the pyrophoric nature of the material. a self-locking table 
was devised to take the place of the standard table. This is placed 
in the crucible and locked by two crossed rods when the crucible 
is transferred from the reduction to the distillation furnace. Thi 
self-locking table prevents movement of the sponge mass, keeping 
it confined within the crucible, and consequently prevents fires в. 
the crucible is being handled after distillation. | 
Before the retort is opened the sponge is conditioned with air. 
This conditioning process begins at about 37° C and is necessary ! 
to passivate the sponge surface so that it will not ignite upon | 
exposure to the normal atmosphere. To condition a charge, dry | 
air is admitted slowly into the retort while the temperature is | 
watched carefully. When atmospheric pressure is reduced, the ar 
is immediately pumped out again. Room air is then admitted | 
slowly and allowed to remain for 1 hour before being pumped out. 
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FIGURE 3.4. Distillation Furnace (from USAEC—T/Ac Metallurgy of Zirconium, 
B. Lustman and К. Kerze, Jr., eds., McGraw-Hill Хеу York, 1955). 
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The retort is then filled with helium and is ready to open. This 
conditioning period requires approximately 4 hours. which is 1 hour 
longer than ts required for zirconium. 

A heliwm-atmosphere box for cleaning the sponge was equipped 
with a power driven buffer. All sponge that had been in contact 
with the crucible or table was cleaned by wire brushing. and the 
sponge crushed and sized without the benefit of an inert atmosphere. 
The exercise of extreme care in all operations consistently pro- 
duces a. sponge similar in appearance and ease of handling to 
zirconium sponge. Very carefully controlled runs give a higher 
efficiency, and the sponge shows crystal growth more nearly equal 
to that of zirconium. | 


Table 3.4 gives recoveries for a typical run in the Bureau of Mines 
reduction plant. [13]. | 


TABLE 3.4—RECOVERIES FOR TYPICAL RUN [13] 








PURIFICATION STEP Pounds Recovery (%) 

Input: Raw НЕСК _-------------------- 543  ...... 

Output: Weight of dense сШог!Ае____----- 509 93. 7 

НЕО, (oxide residue) _______.____- 27 5.0 (recycled) 
Loss, handling. ................- 7 1. 3 
Ше БЕКИ НИЕ betes, та 100. 0 
REDUCTION STEP 
Input: НЕСІ, (dense) __----------------- 509 ...... 
Magnesium (40% ехсевз)..-...... ТӘ» 2 ud 
Output: Absorbed НЁСЬ_---------------- 496 97. 4 
Vapor рһазе__.-..-------------- 4 0.8 
Loss, handling- ----------------- 9 1.8 
Totales maed пабе 100. 0 

DISTILLATION STEP 

Input: Net weight, crucible contents..... 623 ...... 

Output: Hafnium sponge................- 268 96.5 (of theoretical 
in dense 
sponge) 

MgCl, and excess Mg___________- 990: sepuni 
Over-all гесоуегу_——-------------- ------ 88. 3 


Carborundum Metals Company Operation 


In the production of hafnium sponge at the Carborundum Metals 
Company, the same furnaces [14] are used for purification and 
reduction as in zirconium production. The retorts of these furnaces 
are made of 14-inch thick, Type 310 stainless steel and are 40 inches 
ID by 3 feet 8 inches high. The furnaces are mounted in the second 
floor in such a manner that they extend some four feet above the 
floor and the remainder below the floor. The three independently 
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controlled heating zones for each electric furnace are arranged to 
supply heat to the crucible, the tetrachloride charge can, and the 
coil area (Fig. 3.5). 

Loading of the furnace is accomplished by placing the Type 430 
stainless steel crucible, which contains the stoichiometric plus 60 per- 
cent excess acid-pickled magnesium ingot, onto the lowered hydraulic 
loading ram; placing a baffe on top of the crucible; and then placing 
the Inconel charge can with 2,000 pounds of hafnium tetrachloride 
on the baffle. The entire assembly is then raised up onto the retort 
and the retort bottom is bolted to the retort. An O-ring gasket in 
the retort. bottom acts as a vacuum tight seal. The tetrachloride cans 
are handled as quickly as possible when uncovered to reduce the 
air-tetrachloride contact. time. 

Evacuation of the retort to 30 mm Hg pressure by means of a water 
eductor is followed by a helium backfill. After repetition of this 
cycle, the temperatures are raised, and the chloride conditioning 
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procedure is carried out. The lower zone temperature is then raised 
to melt the magnesium after which the middle zone temperature is 
raised to sublime the hafnium tetrachloride from the charge can 
down into the molten magnesium in the crucible. By automatically 
controlling the air flow through the cooling coils which are located 
directly above the tetrachloride charge can, the pressure within the 
retort can be maintained at about one psig. The maximum lower 
zone temperature is 850° C since a eutectic forms between the iron 
in the crucible and the hafnium regulus if higher temperatures 
are used. 

Completion of the reduction is indicated by a pressure drop which 
is indicative that the supply of tetrachloride is exhausted. Helium 
is added when low pressure develops at the end of the reaction to 
prevent. the lead seal from being pushed into the retort. Water 
is passed through the coils upon completion of the reaction to con- 
dense any tetrachloride which may not have reacted. Material on 
the coils makes up part of the charge for the subsequent reduction. 
Air is passed through the space between the retort wall and the 
electric heating coils to aid in the cooling. From 6 to 10 hours 
are required for cooling. Upon removal of the retort bottom, the 
entire assembly is lowered, and the crucible is covered and quickly 
moved to the distillation retort or to a holding pot which is then 
evacuated and filled with inert gas. 

The distillation is carried out in the following manner [14, 15]. 
Following the removal of the crucible from the reduction furnace 
(or from the holding pot. in the case when a distillation furnace is 
not immediately available) it is loaded into а bottom-charged 
vertical distillation furnace by means of a hydraulic ram. Тһе 
inverted crucible rests on a baffle which in turn rests on a salt- 
catcher can. А special precaution of fastening the baffle to the 
crucible is practiced to prevent movement between these units when 
the furnace is unloaded. This is done because there is usually sponge 
resting on the baffle after distillation which can be easily ignited by 
friction during unloading of the retort. Portable, bell-type electric 
furnaces are used to supply the heat to the 34-inch thick Type 310 
stainless steel and Inconel retort. Тһе lower section of the retort 15 
mild steel and is surrounded by a water jacket to provide a con- 
densing surface for the magnesium and magnesium chloride removed 
by distillation. 

Vacuum pumping systems are provided for both the inside and 
outside of the retort to prevent retort distortion during the low 
pressure distillation. Тһе inside vacuum is maintained with an oil- 
jet booster-diffusion pump backed by a 130-cfm mechanical pump. 
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The space between the retort and the bell heating furnace is evacu- 
ated by a 27-cfm mechanical pump to about 1 mm of Hg. 

When the loading of the retort has been completed and the bottom 
plate bolted to the lower retort flange, the retort is evacuated, leak 
checked, and then heated to 850? С. First, the MgCl; and mag- 
nesium melt and run into the salt can, at which point the tempera- 
ture is raised to 960? C and held for 24 hours to assure removal of 
residue from the sponge by distillation. After the power has been 
turned off, the retort is backfilled with helium while the pressure 
outside the hot. retort is equalized with plant air. The bell furnace 
is then removed and the retort allowed to cool to room temperature. 
<= | 
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FIGURE 3.6. Crucible of Hafnium Sponge Being Removed from a Distillation 
Furnace at Carborundum Metals Co., Akron, N.Y. Note: An Inert Atmosphere 
Is Maintained to Prevent Ignition (Courtesy of Carborundum Metals Co.). 
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FIGURE 3.7. Distilled Hafnium Sponge Being Removed from a Crucible at Car- 
borundum Metals Co., Akron, N.Y. (Courtesy of Carborundum Metals Co.). 


Prior to opening the retort, plant air is slowly bled in to allow 
the surface of the sponge to oxidize active centers at a controlled 
rate. This treatment is usually termed “conditioning.” А close 
check is kept on the retort. temperature so that oxidation does not 
occur too rapidly and ignite the entire crucible of sponge. An 
immediate helium backfill will stop rapid oxidation if a temperature 
rise is noted. After the sponge is conditioned, the furnace is opened, 
and the inverted crucible, baffle, and sponge are covered with a 
polyethylene bag into which a hose for inert gas has been inserted 
(Fig. 3.6). The bag over the sponge is purged with inert gas con- 
tinuously as the crucible is moved from the retort to a holding pot 
where the sponge is kept under a vacuum for about 24 hours until 
it has cooled to room temperature. 

519561 0—860— —8 
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After the crucible is removed from the holding pot, some 1,000 
pounds of sponge are broken out of the crucible (Fig. 3.7). The 
sponge chunks are placed on a stainless steel pan and crushed with 
a hydraulic chisel while a purge of inert gas is maintained on the 
crushing area (Fig. 3.8). The sponge chunks are cut into 2-inch 





Ficurs 3.8. Breaking Hafnium Sponge at Carborundum Metals Co., Akron, N.Y. 
(Courtesy of Carborundum Metals Co.). 
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pieces and then further reduced to «15 inch with a 4-inch diameter 
hydraulically driven anvil. Тһе crushed sponge is then screened on 
a 20-mesh screen. The undersize is recycled to an earlier stage in 
the process, and the oversize is packed for shipment. 

About 90 percent of the raw sponge is recovered as clean, on 
specification metal. Sponge is packed in polyethylene bags inside 
314-gallon steel pails at 75 pounds net weight. Each pail is evacuated 
to 29 inches of Hg, backfilled with argon, and sealed with rubber 
gasketed lids. 

Sampling of the hafnium is done by pressing representative samples 
of sponge into briquettes from which drillings are taken for spectro- 
graphic and chemical analysis. Pressed briquettes are arc melted in 
an inert atmosphere to buttons from which hardness tests are made, 
and a nitrogen analysis is made from the lathe turnings from the 
button. 

A typical analysis of sponge produced at the Carborundum Metals 
Company is shown in Table 3.5. 


TaBLE 3.5—TYPICAL SPONGE ANALYSIS 
(Impurities in ppm) 


Hardness 

(BHN) Zr Al СІ Cr Fe Mg Mn № Ni Pb Ti V Оз 

220... 1.5% 20 55 80 200 650 15 14 <16 <16 <16 <16 1000 
to 
1200 


3.3 RECENT DEVELOPMENTS 
Desirability of Improved Process 


Notwithstanding all precautions taken to prevent contamination 
by oxygen and nitrogen, it has not been possible to consistently 
produce, by magnesium reduction, hafnium sponge of high enough 
purity so that ingots melted directly from the sponge are ductile 
enough to be satisfactorily forged and rolled. Therefore, most of the 
hafnium sponge produced to date has been used as feed material for 
the iodide dissociation process. This process is capable of lowering 
the oxygen content to levels which permit fabrication from ingots. 
Lowering the oxygen content by electrorefining in a fused salt bath 
has been explored experimentally. 

Both of these refining processes are expensive, and, as a result, 
strong efforts are being made to improve the sponge production 
process to the point where ingots melted directly from the sponge 
can be fabricated to mill products having suitable mechanical prop- 
erties. It has been felt until recently that an ingot. hardness of 
170 BHN or less would be required to accomplish this. In some 
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cases, however [16, 17], good cold ductility has been obtained on 
material fabricated from ingots with a hardness of 195 to 200 BHN. 


Bi-Metallic Reduction 


Recently, considerable effort has been expended in development of 
a modification of the Kroll process wherein mixtures of sodium and 
magnesium are used for reduction of zirconium and hafnium tetra- 
chloride |8, 18]. This technique has been referred to as bi-metallic 
reduction and shows promise of being capable of producing sponge 
of lower oxygen content and hardness than reduction with magnesium 
alone. 

Molten sodium is easily purified of oxide by filtering in an inert 
atmosphere leading to a reduction in the total amount of oxygen 
introduced with the reductant. The use of mixed reductants leads to 
formation of low melting point salt mixtures which are easily sep- 
arated from the sponge in the distillation step thus avoiding the 
difficulties encountered in the removal of sodium chloride when 
sodium is used alone. Further, since magnesium chloride is re- 
duced by sodium, no free sodium is present in the sponge or residues 
after distillation as would be the case if no magnesium were present. 

Another possible advantage lies in the fact that the mixed salts 
are less hygroscopic than magnesium chloride so that less moisture 
is likely to be picked up by any residual chloride in the sponge 
during handling prior to melting. 

Using this technique, the Bureau of Mines has produced sponge 
with reported oxygen contents as low as 300 ppm and hardnesses 
below 190 BHN when melted to ingot as compared with oxygen 
contents of 1,000 to 1,200 ppm and ingot hardnesses of 220 to 240 BHN 
on sponge produced by magnesium reduction. In view of these 
favorable results, bi-metallic reduction was being used for all hafnium 
production at the Bureau of Mines plant at the time it discontinued 
operation (January 1959). 

This process uses the same equipment (with minor modifications) 
as has already been described for the straight magnesium reduction. 
In operation, about 550 pounds of tetrachloride 1s charged into the 
chloride container and about 78 pounds of magnesium ingot charged 
into the reduction crucible. After thermal and vacuum treatment of 
the chloride, as previously described, about 60 pounds of filtered 
molten sodium is injected into the reduction crucible under pressure 
of helium from a heated drum. 

The sodium line passes through a well in the chloride can to the 
top of the crucible where a baflle distributes sodium within the 
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crucible to prevent splashing. After sodium has been added, the 
lower zone temperature is raised to (95-(509 C and the middle zone 
to 300? C to maintain pressure at 2-3 psi without helium additions. 
The maximum temperature during the reduction with sodium is 
(509 C since the vapor pressure of sodium is quite high. At tem- 
peratures above 800? C the sodium vapor tends to leave the crucible 
and react with HfCl, in the space between the crucible and the 
retort, resulting in the formation of hafnium powder and sodium 
chloride. Тһе material thus formed causes difficulty in crucible 
removal. Тһе difficulty is amplified if more than 60 pounds of 
sodium are used with a 55-pound tetrachloride charge. "There tends 
to be a reaction above the surface of the molten sodium which forms 
excessive vapor phase hafnium which is light and pyrophoric. 

If the reaction proceeds too fast, heat generated from the exo- 
thermic reaction creates hot spots which cause splashing and overflow 
of the sodium chloride and magnesium chloride. The reaction of 
sodium with НЕСІ; is much more exothermic than that of magnesium 
with HfCl, and can be carried out at a lower temperature [18]. 
The reason heat buildup does not. usually accompany the reduction 
with sodium is that NaCl has a thermal conductivity double that of 
MgCl., and heat is transferred into the melting of magnesium. 

Upon completion of the sodium reaction, the temperature is in- 
creased іп 25? C increments up to 8925-8509 C to start the second 
half of the reduction by magnesium. Тһе purpose of the slow tem- 
perature rise is to prevent bursts caused by sodium entrapped in the 
already formed sponge. А sudden pressure rise is an indication of 
the presence of free sodium. А 2-hour soak at the end of the mag- 
nesium reduction at 875? С is practiced to reduce the pyrophoric 
nature of the sponge. 


Refining of Hafnium Tetrachloride 


One of the obvious sources of oxygen and, hence, excessive hardness 
in hafnium sponge made by metallic reduction of the tetrachloride 
is the carry-over into the reduction crucible of oxide, oxychloride, 
water vapor, and other oxygen bearing compounds which may be 
associated with the tetrachloride. 

This carry-over is limited in the normal reduction operations by 
sublimation, condensation, and resublimation in the process using 
separate purification and reduction steps. In the P&R-type opera- 
tion, carry-over is limited by thermal and vacuum treatments fol- 
lowed by a single sublimation step. In either case, gaseous tetra- 
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chloride is transferred to the reduction crucible leaving behind, in 
‚а. separate container, most of the impurities which are not volatile 
at the sublimation temperature of the tetrachloride. Although these 
techniques are quite effective, complete separation of oxygen bearing 
compounds from the tetrachloride is not achieved. Improvement in 
quality of the gaseous tetrachloride reaching the reduction zone 
would undoubtedly lower the oxygen content. and hardness of the 
sponge. 

A number of tests have been conducted in which attempts were 
made to filter the gaseous tefrachloride prior to reduction [8]. 
Magnesium turnings, glass wool, zirconium chips, and activated 
carbon have been used as filtering agents. The materials are placed 
in a stainless steel basket between the charge can containing HfCl, 
and the water cooled coils on which the tetrachloride is collected. 
The filters are thought to remove the oxygen bearing compounds 
from the tetrachloride. Several samples of filtered НЕСІ, subse- 
quently were reduced with magnesium in a separate reduction furnace 
and arc melted into buttons. The hardnesses of the buttons were 
166-238 BHN and average oxygen content was 1,100 ppm. Similar 
nonfiltered tetrachloride produced buttons with a hardness of 240 
BHN and 1,500 ppm of oxygen. Some sponge reduced from filtered 
HfCl, showed an oxygen content as low as 550 ppm. 

The most promising technique tried to date is based on the use of 
anhydrous fused salt mixtures to purify the tetrachloride. This 
technique was first suggested as a means of producing high purity 
zirconium tetrachloride [19]. The Wah Chang Corporation cur- 
rently uses this process. | 

Hafnium tetrachloride forms low melting eutectics with chlorides 
of the alkali metals. Such alkali chlorohafnates containing large 
percentages of hafnium tetrachloride are easily prepared since their 
melting points are well below the sublimation temperature of 
hafnium tetrachloride. These salts decompose progressively with 
increasing temperature to yield a hafnium tetrachloride sublimate 
of high purity together with an alkali chlorohafnate residue. 

For instance, work at the Bureau of Mines [18, 20] indicated a 
mixture of 19 mol percent NaCl, 19 mol percent KCl, and 62 mol 
percent HfCl, melted at 270-290° С. Upon heating to 600° С, 60 to 
ТО percent of the contained hafnium tetrachloride was volatilized. 
The residue chlorohafnate salt was fused with additional hafnium 
tetrachloride, and, upon reheating to 600° C, 90 to 97 percent of the 
added tetrachloride was recovered. 

A comparison of typical inipurity analyses of the tetrachloride 
before and after fused salt treatment is given in Table 3.6. 
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ТлвьЕ 3.6—FUSED SALT PURIFICATION TESTS [20] 
[Typical Spectrographic Analyses of HfCh (ррт)] 


Element Raw HfCl, Purified HfCl, 
|t. EE « 0.5 < 0.5 
|| RC ET P 10 <0. 2 
AA ИЕККЕ ИЕЛЕН 100 40 
| E EE НЕТНИ Е 3000 55 
E PUR дыкы ыр ЕТА | 20 < 10 
РБ 22222-5 25 < 10 
CO necu iore 1000 40 
s) REUNIR озды бра 100 « 20 
Ме_------.-------- 275 5 
іліге CS 120 < 20 
Ул ИОК ЗР КҮН 50 < 50 
Под ht Reti 200 5 
MY neues cunc 70 10 
MO cox Let A < 10 <10 
НИЕТ ЕКЕ КЕДЕН < 20 < 20 
бы Bos <5 <5 
Shes ыы testcase <5 <5 
Гына EA RE RENE 1.7% 1.4% 


The mechanism by which fused salt purification of the tetrachloride 
takes place is probably threefold. First, during reaction between the 
alkali chlorides and the НЕСІ;, some volatile impurities such as 
ТІСІ, SiCl,, and HCl are distilled ой ; second, other metallic chlorides 
such as FeCl; and AlCl; form stable alkali chloride double salts; 
and third, fine particles of oxide and oxychloride may be physically 
trapped in the molten bath. 

Тһе fused salt purification may be practiced in two general ways: 
first, as outlined above, by dissolution of the tetrachloride in the salt 
at low temperature and subsequent sublimation at a higher tempera- 
ture, and second, by continuously scrubbing the gaseous tetrachloride 
with a fused salt. 

It is not clear which of these techniques gives the best results. 
It would appear that the alternate dissolution and sublimation might. 
lead to higher purities, whereas continuous scrubbing would be 
applied more readily to production operations. 

Using bi-metallic reduction techniques alone and in combination 
with fused salt purification of the tetrachloride it has been possible 
to produce sponge which, when arc melted, could be hot rolled to 
plate having mechanical properties in the range shown below: 


Ultimate tensile strength. ----------2------- 75-90,000 psi 
Yield strength. оао ева: 32-40,000 psi 
Копдаййоп________________________________ 17-26% 


Reduction in агеа_________________________ 57-60% 
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Consistent production of this quality of sponge would eliminate, 
for most uses, the necessity for further refining operations prior to 
melting. 
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Chapter 4 


REFINING 


E. T. Hayes! Амр D. Е. Tuomas, Editors 


4.1 INTRODUCTION 


Kroll process hafnium sponge, unlike similarly reduced titanium 
and zirconium, must be further refined to lower its oxygen content 
before being processed into usable shapes. The need for this step is 
a result of two factors: (1) hafnium appears to be intrinsically more 
difficult to fabricate than either titanium or zirconium, and (2) run- 
of-the-mill hafnium has a higher oxygen content on an atomic basis 
than does similarly processed titanium or zirconium. Unfortunately, 
a complete evaluation of these factors has not been made. Normal 
batch-type Kroll operations produce the three metals of this group 
with oxygen contents of 0.08-0.1 w/o when scrupulous attention 
is paid to operating detail, Expressed on an atomic basis, this 
range of oxygen content becomes 0.24—8.0 а/о in titanium, 0.45- 
0.57 a/o in zirconium, and 0.94-1.18 a/o in hafnium. When 
melted to ingot form, such material will have a Brinell hardness of 
about 100 for titanium, 180 for zirconium, and 190 for hafnium. 
Titanium and zirconium of this hardness level can be worked either 
hot or cold without difficulty. Hafnium of this oxygen level and 
Brinell hardness has borderline ductility; while it can be hot worked 
Yo form many objects, its cold quetibty ca is so limited that final 
sizing operations are difficult. 

АП hafnium used in nuclear reactors to date has been refined by 
the iodide decomposition process. This has been done commercially 
under contract by the Foote Mineral Company, Philadelphia, Penn- 
sylvania, for several years. Тһе current cost for converting Kroll 
process sponge to iodide crystal bar 1$. about $11 per pound. There 
are, accordingly, a number of investigations actively being pursued 
along the following lines. 


(1) Improved Sponge Очайіу- is evident that if hafnium sponge 
with low oxygen content could be routinely produced, it would 





1U.S. Bureau of Mines. 
2 Westinghouse Atomic Power Division. 


107 


108 THE METALLURGY OF HAFNIUM 


be possible to melt the material directly to fabricable ingots. 
Continuing experimental work on achieving higher purity tetra- 
chloride by the fused salt process at the Bureau of Mines, as 
described in the preceding chapter, has this as its goal. 


(2) Alternate Refining Process—Hafnium sponge may be purified 
by melting in a high vacuum as in the electron beam melting 
process. This process, which is being investigated by the Wah 
Chang Corporation and Temescal Metallurgical Corporation, 
is described in this chapter. Advances in sponge quality would 


also contribute to the success of the electron beam melting process. 


“-” 


(3) Alternate Reduction Process—Electrorefining offers the possi- 
bility of supplanting both the Kroll process and the de Boer 
process. This approach, described in this chapter, is being 


taken by the Bureau of Mines (Boulder City). 


(4) Low Cost de Boer Process Feed Material—A cooperative pro- 
gram between the Bureau of Mines (Albany) and the Foote 
Mineral Company is designed to develop a substitute feed mate- 
rial for the iodide process. This approach is discussed briefly 
in this chapter. 


a 


With the exception of the fused salt process for tetrachloride 
purification, the work outlined above is in fairly preliminary stages, 
and it is expected that developments will appear quite rapidly. 


4.2 THE IODIDE PROCESS 
By E. M. Sherwood ? and I. E. Campbell 4 


The iodide-refining process, suggested by van Arkel and de Boer 
[1] in 1925, is now widely recognized as an effective method for 
preparing a number of high-purity metals. Although some reduction 
in metallic impurities is frequently obtained, the 1odide process is 
primarily used because of its effectiveness in producing metal low in 
nonmetallics and, more particularly, low in nitrogen, oxygen, and 
carbon. 

Iodide refining of hafnium has been performed for the Atomic 
Energy Commission since 1952 by a single supplier, the Foote Mineral 
Company. However, the details of the process are considered to be 
proprietary, so that no-discussion of the process as commercially 
practiced 16 presented here. In 1951, over 500 pounds of hafnium 
crystal bar was produced at the Bettis Plant of the Westinghouse 
Electric Corporation by Shapiro [2] for use in the land-based pro- 
totype of the Мам из reactor. The fact that this was rather easily 
done in equipment. originally designed for iodide refining of zir- 


3 Battelle Memorial Institute. 
4 National Steel Corporation. 
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conium, together with other published information makes it possible 
to delineate the main features. of the iodide process for refining 
hafnium. Many of the details of the process depend upon the 
design of the particular equipment being used. 

The basic principles of the van Arkel-de Boer process have been 
discussed extensively in previous publications (e.g., Ref. 3) and need 
not be reviewed in detail here. Suffice it to say that a bithermal, 
closed-cycle system is employed in which the metal iodide can be 
simultaneously synthesized and decomposed. Volatile iodides are 
formed by reaction of iodine vapor with a crude metal feed at the 
lower temperature, and the iodides thus formed are subsequently 
thermally dissociated, on a suitable deposition surface, at the higher 
temperature. А resistively heated wire or rod is normally used 
as the deposition surface, but other means of heating and other types 
of surfaces may, in principle, be employed. Тһе iodide process is 
particularly effective with those metals which do not form volatile 
oxides or oxyiodides. 

The van Arkel-de Boer process has been used for the commercial 
production of titanium, zirconium, and thorium, and an improved 
iodide-refining process is now being used for the production of ultra- 
pure chromium metal. Although a number of other metals have 
been prepared experimentally via the iodide process, none of these 
has been produced on a commercial scale. 

The original van Arkel-de Boer synthesis, which is a closed-cycle 
process, leaves much to be desired as a commercial method for the 
production of low-cost metals, and consideration has been given to 
the development of semi-continuous processes employing low-cost 
feed materials. Although considerable progress has been made in 
this direction experimentally, no continuous iodide process has been 
utilized commercially for the production of metal. 

Several laboratories are known to have been working on the de- 
velopment of a semi-continuous process for the production of tran- 
sistor-grade silicon with promising results. However, at the present 
time, the prospects of producing other than premium-grade mate- 
rials by a semi-continuous iodide process do not appear attractive. 
It would seem more likely that further progress in the commercial- 
ization of iodide processes will involve improvements in the closed- 
cycle process rather than development of new semi-continuous 
processes. 

As would be anticipated on the basis of the marked similarity of 
the chemistry of hafnium and zirconium, the conditions for the 
preparation of these two metals are quite similar—so much so, in 
fact, that much of the experimental work in the preparation of 
iodide hafnium has been carried out in equipment initially con- 
structed for the preparation of zirconium. The similarity is also 


110 THE METALLURGY OF HAFNIUM 


suggested by the fact. that in the iodide process for zirconium 
purification, the hafnium content. of the crystal bar is identical to 
that of the feed material [3]. 


Background Information 


Information available on the iodides of hafnium is quite limited. 
Table 4.1 is a compilation of values for some of the physical and 
thermodynamic properties of HfI,. Owing to the scarcity of ex- 
perimental data, many of the values were estimated from theoretical 
considerations. 

Although, in many respects, hafnium is quite similar to zirconium 
chemically, the lower oxidation states of hafnium appear to be less 
stable than those of zirconium. This has been attributed [4] to 
two factors: (1) the higher heat of sublimation of hafnium, which 
tends to make the lower state more readily disproportionate, and 
(2) an ionization potential factor. 

The difference in the ease of reduction of the tetrahalides of 
hafnium and zirconium is the basis of a proposed process [5] for 
the separation of zirconium and hafnium. In this process, zirconium 
tetraiodide is preferentially reduced by zirconium powder to the 
tri-iodide, and the hafnium iodide is then selectively volatilized from 
the mixed iodides. Although some interest has been evinced in the 
commercial feasibility of the process, there is no evidence at present 
to indicate that it offers any advantage over existing processes 
(see Chap. 2). 


Details of the Iodide Process for Hafnium 
Feed M aterial 


Iodide hafnium can be prepared from various types of metallic feed 
materials. However, magnesium-reduced “hafnium sponge” is most 
commonly employed [6-9]. 

Since some metallic impurities are transferred in the iodide process, 
a feed which is low in metallic impurities, particularly those form- 
ing volatile iodides of intermediate stability, is desirable. Table 4.2 
contains published analytical data on several types of hafnium 
sponge. Of the impurities listed, zirconium, iron, silicon, and pos- 
sibly aluminum are the most. likely to transfer in the iodide process 
under the conditions employed in hafnium refining. However, 
some refinement. with respect. to iron, silicon, and aluminum is 
usually obtained. 

The feed material is usually conditioned for use [10] by washing, 
vacuum drying, and outgassing. For best results, it is desirable to 
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outgas the feed at а temperature somewhat above that reached dur- 
ing deposition. Outgassing should be carried out in the deposition 
vessel to avoid excessive handling. The feasibility of developing 
lower cost feed material 15 being studied by а commercial supplier 
in cooperation with the U.S. Bureau of Mines. In the process under 
investigation, a mixture of hafnium oxide and carbon is arc melted. 
The resultant ingot, consisting of hafnium metal and hafnium 
carbide, is crushed and blended with hafnium sponge so that the 
over-all carbon content is about 1 percent. This mixture can then be 
fed to the iodide decomposition ‘units. No further details are 
available. 


Deposition Equipment 


The deposition vessel used in laboratory experiments may be con- 
structed of Pyrex glass or Vycor (see Figs. 4.1 and 4.2). In com- 
mercial practice, the deposition vessel is constructed of heat resistant 
metals. The material used in the Nautilus prototype was produced 
in the equipment illustrated schematically in Figure 4.3. This equip- 
ment, which had originally been built for the purpose of conducting 
experiments on the iodide process for zirconium, utilizes a Hastelloy- 
B vessel and a molybdenum feed retainer. The reaction vessel is 
heated externally by means of a salt bath. Hollow, water cooled 
electrodes with molybdenum tips are employed to supply heating 
current to the crystal bar during deposition [13]. The equipment 
used by the present commercial supplier in producing zirconium 
crystal bar has been described in the literature [3]. The reaction 
vessels were 9 inches in diameter and 24 inches long and were con- 
structed of Inconel. It is believed that similar equipment, with 
improved vessel head design to minimize leaks, is being used for 
hafnium purification. 

To control the temperature of the resistively heated deposition 
elements, a variable, low-voltage/high-current power supply is re- 
quired. This can be made automatic, but the automatic equipment 
so far employed is complicated and expensive; hence, manual control 
is generally used. 

The vacuum system is provided with refrigerated traps to remove 
any undecomposed iodide so that pump contamination and corrosion 
can be avoided. In the classical van Arkel-de Boer process the 
deposition vessel is sealed off from the vacuum system during dep- 
osition; however, it has been found desirable, in small-scale op- 
eration at least [14], to evacuate the vessel either intermittently or 
continuously during deposition. This minimizes the accumulation of 
gases (principally hydrogen) and the consequent slowing down of 
deposition. 
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FIGuRE 4.1. Laboratory-Scale Deposition Unit (from The Metal Thorium, Н. A. 
Wilhelm, ed., American Society of Metals, Cleveland, 1958). 


For more detailed descriptions of deposition equipment, the reader 
is referred to Chapter 5 in The Metallurgy of Zirconium [3]. 


Procedure 


The procedures employed in the preparation of hafnium crystal 
bar are similar to those employed in the preparation of iodide 
zirconium. 
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Although there are advantages to conditioning the feed prior to 
its introduction into the deposition bulb, it is usually handled wet 
because of the safety hazard involved and then conditioned in place 
with makeup metal being added before the unit is sealed. The 
initial filament, a hafnium wire, is attached to the electrodes which 
are а рагі of the head of the deposition vessel. 

After the residual feed is washed and makeup feed is xdded as 
required, the unit is assembled and evacuated at room temperature 
until the feed is essentially dry except for adsorbed moisture. 'The 
vessel is then heated slowly under vacuum to the desired outgassing 
temperature, preferably somewhat above the desired deposition tem- 
perature, and is outgassed for a period of several hours. In many 
cases, it is convenient to schedule operations so that the vessel can 
be outgassed overnight. 

When the outgassing is completed, iodine or hafnium tetraiodide 
is introduced into the bulb. In metal equipment, an ampule of 
iodine or iodide may be broken open in the vessel. Commercial 
practice is to add iodine crystals to the deposition vessel through a 
seal-off tube. In glass or Vycor equipment, it is usually more 
convenient to introduce iodine vapor by “flaming” an ampule be- 
tween the bulb and the vacuum line. То avoid excessive loss of 
lodine, a constriction is provided between the ampule and the 
vacuum line, and the constriction is chilled to form a plug of 1odine 
while the iodine is being added to the system. 

The optimum bulb temperature will depend upon the feed employed 
and the geometry of the system, but a bulb temperature of approxi- 
mately 300? C is usually employed. It should be noted, however, 
that the actual feed temperatures are frequently substantially higher 
than the external bulb temperature which is normally recorded. 
Feed temperatures may, for example, be as much as 500? C higher 
than the external wall temperature. For a discussion of the effect 
of the tendency of tetra-iodides to react with metal to form tri- and 
di-iodides at optimum deposition temperatures, the reader is referred 
to the work of Fast [15]. 

When the bulb is at the desired deposition temperature, deposition 
is initiated by heating the hafnium wire filament to approximately 
1,600° C. (Some investigators prefer a temperature of as high as 
1,700-1,750? C while others prefer a somewhat lower temperature of 
1,300-1,4009 C.*) Тһе filament temperature is maintained at the 
desired value by periodic reductions in the applied voltage usually 
by a predetermined schedule. During the early stages of deposition 
the voltage may be adjusted to maintain the product of the cube 


SIt is interesting to note that hafnium is close packed hexagonal at the deposition 
temperature, whereas zirconium is body-centered cubic. Further study of the influence 
of the crystal structure of the metal upon the growth rate and form of the rod would 
be enlightening. 


519561 0—60— —9 
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root of the current times the voltage constant (E = К). However, 
this relationship does not hold as deposition progresses. 

The unit may be sealed off from the vacuum system during de- 
position or may be continuously evacuated through a porous plug of 
condensed iodide. In the latter case, it is usually desirable to flame 
the plug at suitable intervals to prevent it from becoming too ef- 
fective & seal. 

When the crystal bar reaches the desired size, as determined by 
the current-voltage relationship, the filament power is shut off, the 
vessel is cooled, and an inert gas is bled in before the vessel is 
opened to air. 

Both the crystal bar and the feed are washed to remove residual 
iodides. As in the case of all iodide metals, care must be taken to 
remove any condensed iodide from the surface of hafnium crystal 
bar immediately after its removal from the deposition vessel, since 
the oxides which form on exposure to atmospheric moisture present 
a potential source of contamination of the deposited metal. 

Hafnium is somewhat easier to deposit by the iodide process than 
zirconium [2] by virtue of its higher melting point, lesser tendency 
to alloy with molybdenum (both of which tend to decrease the 
probability of burnouts), and its lower tendency to creep while hot. 


Rate of Deposition 

The deposition rate varies markedly with the feed material and 
operating conditions. In small Pyrex units of the type shown in 
Figure 4.1, average deposition rates of approximately 9 g/hr/ft were 


TABLE 4.1—THERMODYNAMIC, FUSION, AND VAPORIZATION DATA 
FOR НИ, and ZrI, 


EE SER p——O o EE 


EEE, «Ee, сын ИР чш 


Hfh Zrh 
Heat content at 500° K, (Hr= Hs), keal/mole!.. 7.1(+5%) 7.1(--5%) 
Entropy increment at 500° K, (бт-- б), cal/? К!_ 18.2(+ 5%) 18.2(+ 5%) 
Free-energy at 298° К, -(Ғ-Н,4)/Т, cal/mole/ 
оо RUNE 64.5+2 63.4--2 
АЗОО. емеске so DEI Low 68.5-Ь2 67.4+ 2 
Free-energy function at 298° К, (АЕ-АН,»)/Т, 
САКИ алысы 70.9 70.4 
at 500° К!___------------ 69.6 69.1 
Heat of formation, АН, Kcal/mole ?__________- 3— 175+ 30 — 160 +20 
Melting point, Тм, ° К 2?_____________________- 3 750 772 
Heat of fusion, АНм, cal/mole ?_______________- 5 11,000 3 11,500 
Entropy of fusion, ASy, са|/тое/9К2 2. 15 15 
Temperature at which partial ргеззиге = 10-4 atm, 
9Қ2 3475410 495 
=] atm, 
?^K23.... 3 700 704 
Heat of sublimation, AHy, cal/mole ?___________- 3 28,000 29,030 
Entropy of sublimation, ASy, са1/пое/9К2 40 41.2 | 


1 Values for НП; from Chap. 9; values for 7г14 from К. К. Kelley, private communication. 


2 Brewer, Ref. 4. 
3 Estimated values. 
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TABLE 4.2—ANALYSES ОЕ HAFNIUM SPONGE 


REDUCED wirH Mg [4] | Вомв REDUCED WITH BomB REDUCED WITH KROLL Process (0) 
Ca, I: Booster [7] Ca [8] = 
Element | Composi- | Element | Composi- | Element Composition Element Composi- 
tion (w/o) tion (w/o) (w/o) tion (w/o) 
ALI........ 0. 010-0. 505 | Al....... 0. 04 С 0.07 | Al........... 0. 003 -0. 005 
Ca....... «0.003 | B....... 0. 001 Ca...... «0.01 | Cl........... 0. 010 -0. 020 
Cu....... 0. 001-0. 014 | Ba...... <0. 01 Ee... «0.01 | Co.......... 0. 001 
Fe....... <0. 003-0. 082 | Be...... <0. 000002 | Mg..... «0.01 | Cr.......... 0. 0005-0. 01 
Hf!...... 98.38 -99.07 | Ca...... 0. 03 Nu 0.05 | Cu.......... 0.005 -0. 01 
МЕ. ----- <0. 003-0. 057 | Cd...... <0. 0002 cur Not determined | Fe.......... 0.04 
INE. oos <0. 003-0. 007 | Co...... <0. 001 S8i....... «0.00 | Mn......... 0. 003 
Bi. <0. 003-0. 023 | Cr...... «0. 001 Zn...... «0.002 | Mo......... 0. 001 
Zo. 0.85 -1.59 | Cu...... <0. 002 Zr... «0.01 | №... 0. 001 —0. 003 
Fe...... 0. 02 Мі 25 0. 0005 
14...---- <0. 01 Оз.--.------- 0.065 -0. 095 
МЕ. ---- 0. 01 ВБ: 0. 002 -0. 003 
Mn..... 0. 001 Ө1----------- 0.002 -0. 010 
Mo..... 0. 001 Tl. кана 0. 005 
Na...... <0. 01 че 0. 002 
3 , Ni...... 0. 001 глі ЕВРЕИТЕ 0. 0005-0. 005 
| ee <0. 01 
Pb...... 0. 001 Zr/(Hf--Zr) 1.3 -1.4% 
8i....... 0.01 
Sn...... «C0. 001 
TE ne 0. 0004 
Vida: 0. 001 
Zn...... <0. 01 


(Hf/Zr = 98/2) 
1 By difference excluding Os, Ns, апа Н; which were unknown. 


obtained in the preparation of crystal bar approximately 14 inch 
in diameter. 

In the limited production work carried out in metal units of the 
type shown in Figure 4.3, average deposition rates of approximately 
22 g/hr/ft were obtained. 

The rate of deposition increases to a greater extent as the run 
progresses in the case of hafnium deposition than it does in the case 
of zirconium deposition; hence, higher average rates are obtained 
when larger diameter bars are prepared [2]. 

The largest hafnium crystal bar reported to date was 1.375 inch 
in diameter. Usually, bars of 0.5 to 0.75 inch in diameter are 
produced. 


Purity of the Product 


The purity of ішіде hafnium is comparable with that of other 
iodide metals. It is dependent, of course, on the purity of the feed 
materialas has already been noted. Analyses of three lots of iodide 
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hafnium are shown in Table 4.3. Material C was reported to be the 
highest purity iodide hafnium produced prior to 1956 [16]. 

Unfortunately, no definitive data are available which give а com- | 
plete analysis of hafnium crystal bar and of the feed from which ! 
it was produced; hence, no direct experimental values can be cited 
for the degree of refining obtained. However, Table 4.4, which 
presents typical sponge and typical arc-melted crystal bar analyses, 
should provide a reasonably good basis for comparison. Effective 
reduction in chromium, magnesium, oxygen, and possibly iron is 
indicated. 


TABLE 4.3—ANALYSES OF IODIDE HAFNIUM 


Material Material Material 
Element Ali] (ppm) В|6|(ррт) С\16) (ppm) 
j. тасыдым 40 660 20 
| © P 200 (1) (1) 
Сы. 50 110 (1) 
© REO NE 30 (1) « 30 
Uso esha icis 8 40 40 
Re: cunc 200 < 30 800 
МЕ 2-5-6. 10 80 40 
Мп............. 10 (1) (1) 
Мо_--.---------- 10 (1) 60 
Na ИРЕК КЕРЕК 10 40 (1) 
Nicest eee КЕСТЕЛЕУ 10 80 40 
|o EN (1) 370 120 
PD. sui иба да ets 10 (1) (1) 
v) NR Oe ae E 60 340 150 
B ssi ыы ыы дабылы 10 (1) (1) 
Б БЕККЕ aT 20 < 30 100 
Месе лыс зе (1) (1) 40 | 
лмасаса лаларды 20, 000 7, 800 80 


1 Not reported. 


TaBLE 4.4—TYPICAL ANALYSES FOR KROLL PROCESS SPONGE AND 
ARC-MELTED IODIDE CRYSTAL BAR 


Concentration (ppm) 


Kroll Process Arc-Melted Iodide 
Sponge 1 Crystal Bar 2 

Al ba Se in Е ы ce ды 20 50 

E Е sae oe 55 (Not determined) 
Са nc de rcs 80 <10 

ЕО ККЕ ЕКЕН 200 100 

М эшеат ано 650 < 10 

Note eek oe ЕККЕННЕН 15 <10 

IN SES ete igs Ri et 14 20 
не < 16 <19 

| Вх аын < 16 < 10 

ju TP RP ERR < 16 <10 ! 
eR REY elt ды A ES <16 (Not determined) 
(раса caterer eee DE ote 1000-1200 500 


1 Produced at Carborundum Metals Co. (see Chap. 3). 
2 See Chap. 5. 
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4.3 ELECTROREFINING 
Ву D. Baker ° 


Over the past century the production and refining of metals 
through the application of electrochemical techniques has increased 
markedly, especially in the application and use of these techniques 
in fused salts. Charles Martin Hall and Paul L. T. Heroult, almost 
simultaneously, on opposite sides of the Atlantic, discovered that 
aluminum oxide could be dissolved in molten cryolite and that the 
dissolved oxide could be reduced electrolytically to produce metallic 
aluminum. The Hall-Heroult process, basically the same today as 
when discovered in 1886, is an electrochemical production technique 
which has grown into a major industry. From the 1880’s to the 
present day, researchers have studied and applied molten salt electro- 
chemical techniques to various metals of the periodic table. W. J. 
Kroll, in his paper “The Fused Salt Electrolysis for the Production 
of Metal Powders,” presented to the Symposium of Electrometal- 
lurgy, Pacific Northwest Section meeting, May 1945, gave an exten- 
sive review of this literature. In recent years the technical feasibility, 
if not the economical and operational feasibility, of fused salt 
electrorefining of titanium has been shown by many researchers 
[18—95]. 


General Considerations 


In developing a research program to establish the optimum condi- 
tions for recovering high-purity hafnium metal from off-grade sponge 
and fabrication scrap, the development of an electrolyte was the first 
consideration. The electrolyte selected has to be free of elements such 
as oxygen, with which hafnium reacts readily, and maintain stability 
at operating temperatures. Also, since some of the deposits were 
leached to remove occluded salts, which in most instances is preferable 
to vacuum distillation, it was desirable to select an electrolyte that 
could be removed from the leach solution in an anhydrous form or 
was sufficiently cheap to permit discarding. These considerations 
narrowed the possible salts to the halides, and solubijities or eco- 
nomics further narrowed the field to the chlorides. Of the single 
salts, sodium chloride best met the requirements, but the temperature 
of cell operation had to be sufficiently high to fuse it (801° C). The 
operational temperature was lowered by using mixed salts such as 
potassium chloride, lithium chloride, and/or sodium chloride to form 
eutectic mixtures, but the addition of another salt increased further 
the possibility of introduction of impurities. 


6U.S. Bureau of Mines. 
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The electrolyte selected and the required temperature of operation 
define the materials of construction used in the cell. The problem 
of handling hot corrosive gases in electrorefining does not. exist be- 
cause none are liberated. Therefore, in most instances, common 
construction materials such as iron can be used throughout the cell. 
An essential design factor in cell construction is that the cell be 
airtight to allow complete internal blanketing with ап inert at- 
mosphere such as helium or argon. This blanketing protects the 
electrolyte from gaseous contamination and protects the deposits 
from the time they are removed from the electrolyte until they are 
cooled to room temperature. 

The U.S. Bureau of Mines кебй йй Experimental 
Station at Boulder City, Nev., has, under a program supported by 
the Atomic Energy Commision, undertaken development. research 
to ascertain the feasibility of applying fused salt electrorefining 
techniques to hafnium scrap. The program, at this writing, has 
consisted of a series of preliminary examinations to ascertain whether 
hafnium scrap can be recovered in a purified state by this technique 
and which electrolytes offer optimum purification and ease of op- 
eration. This section, therefore, is a progress report which answers 
only the initial question of whether hafnium can be purified by the 
fused salt electrorefining technique. The basic premise of this pro- 
gram has been to develop an electrolyte and the operational technique 
necessary to produce high-purity hafnium metal from off-grade 
sponge and fabrication scrap. 


Equipment 


Electrolyte development experiments were performed in a group 
of 12-inch diameter laboratory cells shown schematically in Fig- 
ure 4.4. These cells were constructed from a 30-inch piece of 12-inch 
diameter iron pipe. The bottom of the cell was sealed by welding 
in a section of 14-inch iron plate, and the top of the cell section was 
equipped with a water-cooled flange to which the rubber gasketed 
lid could be bolted. The Па was equipped with two 4-inch diameter 
openings to which receiver chambers could be attached and an addi- 
tional opening for the circulation of the inert gas and the measure- 
ment of temperature and pressures within the cell. The receiver 
sections consisted of a 4-inch water-cooled slide valve and a 15-inch 
long, water-cooled chamber for cooling deposits before exposure to 
the atmosphere. The slide valve sealed the cell proper from the 
atmosphere during recovery of the deposits. The cells were assembled 
and thoroughly checked for leaks under both vacuum and pressure. 
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Investigations 


Electrolytes examined during the first nine months of the program 
consisted of mixtures of sodium chloride, potassium fluohafnate, 
potassium-lithium chloride, and sodium-potassium chlorides as well 
as unmixed sodium chloride. With the one exception (when potas- 
sium fluohafnate was used), the hafnium-carrying ions were added 
to the electrolyte either by subliming hafnium tetrachloride through 
hafnium metal beneath the bath or by direct chlorination of hafnium. 
metal in the bath. 

This technique, when used in preparing the initial electrolytes for 
the titanium investigation, had produced subchlorides of titanium in 
the baths, but if subchlorides of hafnium were formed they were not 
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stable. А reaction between HfCl, and hafnium took place, but when 
samples of the electrolyte were taken there appeared to be a dispro- 
portionation of reaction product on cooling which left an extremely 
fine hafnium metal and hafnium tetrachloride. This disproportion- 
ation is exemplified by the equation 2HfCl.<2Hf+ HfCl,. Operation 
of electrolytes which essentially contained only sodium chloride and 
hafnium chloride as carrier ions were difficult to stabilize with respect 
to the soluble hafnium content because the hafnium chloride sublimed 
to the colder sections of the cell as hafnium tetrachloride. Addition 
of a second salt such as potassium chloride or lithium chloride greatly 
alleviated this difficulty even when comparable temperatures of cell 
operation were used. 

Table 4.5 presents a summation of the pertinent conditions under 
which each of the electrolytes was studied. 

The material used as an anode feed consisted of fines screened from 
Kroll hafnium sponge production. Material arc-melted from these 
fines had hardnesses ranging from 268 to 323 BHN and contained the 
following weight percentages of impurities: Si—0.01; Мр--0.195; 
Mn—0.056; Fe—0.005 ; Cr—0.08; Al—0.04; Cu—0.05; and O,—0.175. 


TABLE 4.5—SUMMATION OF ELECTROLYTE STUDIES 


INITIAL CATH- 


AVE. | ODE CURRENT | RECTI- BHN 
ELECTROLYTE Сом- SoL | OPER. DENSITY FIER 
POSITION, SALT Hr | TEMP. (amp/sq ft) VorT- | ТҮРЕ or DEPOSIT 
(%) е | ARE 
Міп Мах Ave Best 
МаС1..-----.------------ 3.0 830 70 560 0.7 | Slimes............|........ ]........ 
NaCl... NINE. 6 8.0 850 70 560 0.6 | Fine Crystals..... 200 181 
45% NaCl-55% KCI.. .. 8.7 750 175 225 0.75 | Coarse Crystals... 190 185 
45% NaCl-55% KCI..... 4.5 700 70 250 0.5 | Dense Plate...... 183 173 
45% МаСІ-55% КСІ..... 4.7 700 500 650 0.75 | Coarse Crystals... 190 185 
45% NaCl-55% КСІ..... 4.7 940 75 250 0. 6 Coarse Crystals... 192 182 
95% NaCl-5% КСІ...... 5.1 840 70 500 0.3 | Coarse Crystals... 158 139 
55% КСІ-45% ІЛСІ...... 4.2 440 75 250 4.0 | Fine Crystals. ....|. ......| ....... 
NaCI-K3HfFe. .......... 5.1 850 150 300 0. 5 Medium Crystals. 205 187 


Although the major criterion used for evaluation of the cathode 
deposits was hardness, a few of the deposits were chemically analyzed. 
A typical analysis of these deposits is as follows: Fe—0.001; Si— 
0.010; Mg—0.009; V—0.001; Ст— < 0.001; Mn—0.015; O;—90.039; 
Cu—0.034; and Na— < 0.005. 

The deposit shown in Figure 4.5 was produced at an initial cathode 
current density of 175 amp/sq ft in the seventh electrolyte, as tabu- 
lated in Table 4.5. Figure 4.6 shows a cylindrical iron cathode and 
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FIGURE4.5. High Purity Hafnium Cathode Deposit from 95 Percent 
МаСІ-5 Percent КС! Electrolyte. 


the plate deposit produced on it in the fourth electrolyte at an 
initial cathode current density of 150 amp/sq ft. 

Data on two typical deposits produced on an iron cathode in the 
electrolyte consisting of essentially sodium chloride (98-95 percent) 
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with only a minor amount of potassium chloride (5-8 percent) are 


as follows: . 
INITIAL CATH-| CURRENT AVERAGE METAL 
RUN ODE CURRENT| EFFICIENCIES!| RECTIFIER RECOVERED BHN 
DENSITY (90) VOLTS (g) 
(amp/sq ft) 
| ыыы Кыш ымыы 177 85. 5 0. 28 358 
Вт 0 суз 177 92. 8 0. 30 583 


1 Based оп Hf valence of four. 


CATHODE 





HAFNIUM PLATE 


FIGURE 4.6. Cathode and Hafnium Plate Produced іп 45 Percent 
NaCl-55 Percent KCl Electrolyte. 


| 
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А hardness evalution of deposit A was made without sizing. De- 
posit B was sized, and the screen analysis showed 91.5 percent of 
+28 mesh, 6.6 percent of —28 +48 mesh, and 1.9 percent of —48 mesh. 

Deposits such as these, while still adhering to the cathode, are 
given а preliminary leach with water to which has been added 5 per- 
cent HCl by volume. The deposits are then scraped from the cathode, 
chopped in а mechanical, high speed liquid blender, given а second 
leach, washed with distilled water until free of chloride ion, and 
then washed with alcohol and dried. Тһе dried hafnium is then 
normally sized by screening into three fractions, +28, —28 +48, 
and —48 mesh, and samples are taken for hardness and chemical 
evaluation from those fractions of sufficient size. 

At this time it can be said that the refining of hafnium scrap 
can be accomplished by the fused salt electrorefining technique; 
however, the degree of purification and the optimum electrolyte and 
operational techniques still need to be determined. 


4.4 ELECTRON BEAM PROCESS FOR THE PURIFICATION 
AND CONSOLIDATION OF HAFNIUM 


Ву C. ФА. Hunt,’ H. В. Smith, Jr. C. W. Hanks,’ and Е. Е. 
Baroch ? 


Тһе direct consolidation of hafnium sponge metal into reactor 
grade ingot without intermediate and separate purification steps has 
been investigated for several years. For zirconium, this direct 
processing of sponge into ingot was successfully developed in 1952, 
and intermediate processing and handling of zirconium sponge 
metal was eliminated. 

For several years the approved method of purifying hafnium 
metal on a commercial scale, described in the preceding sections of 
this Chapter, has been the iodide process. This process reduces the 
objectionable impurities in hafnium sponge to acceptable levels. 
The chief disadvantages to the iodide process are the unrecoverable 
loss of metal and cost. 

In 1956, an intensive program was initiated at the Bureau of 
Mines, Albany, Oregon, station to develop Kroll processed hafnium 
sponge of a quality suitable for direct casting into ingot by con- 
sumable arc-melting techniques. То date, modifications to the Kroll 
process have not adequately removed impurities in the hafnium 
sponge. Because of these impurities, the direct arc-melting of 
sponge has not consistently produced satisfactory ingot, either on 
the basis of chemistry or on the soundness of the ingot [26]. 

The electron beam melting process has been under investigation for 
the production of high purity hafnium. 


т Temescal Metallurgical Corp. 
8 Wah Chang Corp. 
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The electron beam melting process was originally developed on 
a semicommercial scale for the purpose of consolidating titanium 
sponge directly into ingots without the necessity for the preparation 
of compressed electrodes. In the course of this development work. 
experiments on the effect of electron beam melting on other metals 
showed that the process could be used for purification. A theoretical 
study [27] indicated that the oxygen content of hafnium should be 
reduced during the electron beam melting of this metal even though 
the initial experiments failed to demonstrate this. Closer examina- 
tion of the theoretical study showed that a high degree of superheat 
of the molten hafnium would be necessary for the proposed puri- 
fication. Subsequent experiments on a sample of hafnium obtained 
from the United States Bureau of Mines, Albany, Oregon, confirmed 
the fact that hafnium could be purified by this technique. 


Description of Equipment and Operation 


A number of systems have been described in the literature [28-31] 
for laboratory-scale electron beam melting. The equipment described 
here is for production. The interior of a typical two-gun melting 
furnace is shown schematically in Figure 4.7. The feed material is 
introduced through the upper gun where it is melted. The molten 
metal drips into a water-cooled copper mold where the lower gun 
maintains a molten pool. As the ingot is built up, it is lowered in 
the mold at the same rate by the ingot puller. Completed ingots, 
usually 48 inches long, are removed through the ingot removal lock 
without breaking the vacuum as shown in Figure 4.8. The electron 
gun can be replaced through the gun lock, as illustrated in Figure 
4.9, when this becomes necessary because of fouling by condensed 
vapors. The interior of the furnace vacuum tank is shown in Figure 
4.10. 

It is essential that the vacuum system be capable of maintaining 
an operating pressure of 10+ mm Hg in the chamber if the desired 
purifying action is to take place. A 225-kw production furnace for 
producing 3- to 6-inch diameter hafnium ingots requires two 32-inch 
oil diffusion pumps having a combined capacity of 34,000 liters per 
second at 10-5 mm Hg. Each of these pumps is backed by a special 
booster pump and appropriately matched fore-pumps. 

Another essential is a stable high voltage power supply. The cir- 
cuitry required is shown schematically in Figure 4.11. If, because 
of outgassing of the metal, the pressure rises too high, it is impossible 
to maintain а high voltage between the cathode and the melt, and a 
low voltage discharge may result. To prevent low voltage arcs, a 
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FIGURE 47. Schematic of Electron Beam Melting Furnace (C. ҒА. Hunt, Н. В. 
Smith, Jr., and C. W. Hanks, Journal of Metals, February 1959). 


current limiting power input of the type described by Steinmetz [32] 
places a maximum on the current regardless of the impedance of the 
cathode-anode gap. The cathode is provided with an emission con- 
trol circuit, similar to that described by Calverly её al. [33], to allow 
rapid recovery after a voltage breakdown. The voltage usually em- 
ployed is 4,000-12,000 volts, while the bombardment current from a 
typical electron gun is variable from 0 to 15 amperes. 

A more detailed account of equipment and operation has been 
reported by the authors [27]. 
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FicurE 4.10. Interior Mechanism of Electron Beam Furnace (С. ҒА. Hunt, 
H. R. Smith, Jr., and C. W. Hanks, Journal of Metals, February 1959). 
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Кісгуве 4.11. Electron Bombardment Power Supply (С. А" А. Hunt, Н. В. Smith, 
Jr., апа С. W. Hanks, Journal of Metals, February 1959). 





Composition Changes During Melting 


From a metallurgical point of view, the electron beam melting sys- 
tem is interesting in that it not only provides for a high vacuum at 
the surface of the melt, but also provides (a) for stirring of the melt, 
(b) for controlling the degree of superheating above the melting 
point, and (c) for controlling the length of time the metal is molten. 
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It is thus possible to preferentially volatilize certain constituents from 
the melt. In the case of constituents forming nearly ideal solu- 
tions with the molten base metal, the changes in composition result- 
ing from evaporation of constituents more volatile than the base 
metal can be estimated from vapor pressure data such as those tabu- 
lated by Stull and Sinke [34]. Constituents having a tendency to 
form intermetallic phases with the base metal] are likely to exhibit 
nonideal solution behavior in the melt, and the approximate vapor 
pressure over the melt can be derived from a knowledge of the vapor 
pressure of the constituent over the intermetallic phases. Such data 
are generally not available for metals such as hafnium, however. 
The method for the prediction of the probable composition of a 
metal after electron beam melting can best be illustrated by an ex- 
ample. Such a case is iron in hafnium, shown on a Cox Chart, Figure 
4.19. The vapor pressure of iron at 2,900° С, corresponding to highly 
superheated hafnium, is shown to be about 2 atmospheres. Assuming 
an ideal solution of iron in hafnium at this temperature, the concen- 
tration of iron to give a vapor pressure of 2 x 10-5 atmosphere, the 
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vapor pressure of hafnium at 2,900? C would be about 107° mol fraction 
iron or about З x 10-8 weight fraction iron in hafnium. The analysis 
of hafnium shown in Table 4.6 shows that the iron content is reduced 
below the detection level of 50 x 10-8 weight fraction iron. 

A similar calculation on titanium in hafnium indicates a lower 
limit of 25 x 10% weight fraction titanium, compared with the listed 
analysis of 10 x 10% weight fraction titanium, which is in fair 
agreement with the estimate. 


TaBLE 4.6—EFFECT OF ELECTRON BEAM MELTING ON THE IM- 
PURITIES IN HAFNIUM METAL 


(Analysis in ppm) 


Starting Material Electron Beam Ingot 
Element Top Bottom Top Bottom 
ЖҮ» Scat lah ce A gh eh 60 75 25 25 
Шул ee See erat 7 3 0. 3 0.5 
CL geese ОНИ КЕЛЕКЕ 30 30 30 30 
Cd Ж ЖЕ EEE ыы 1 2 1 1 
CO Un ieu ыы Бы 5 5 5 5 
| T tosses 40 50 20 20 
ОО beet aa ТЕТЕ 30 30 30 30 
PG ТТ ee NO 110 140 50 50 
МЕ 10 10 20 20 
Масео 10 10 10 10 
Мз агама дайлары 40 40 40 40 
Nise ыма аса ОКК ЧЕ 35 68 28 35 
О WR 850 1100 208 266 
о те зе Быш 200 200 70 70 
ЕЕ 100 120 10 10 
Zr (percent) ----------- 2.2 2.1 1.8 1. 4 

Average BHN.... 188 171 


Similar calculations for silicon indicate a lower limit of 50 x 10% 
weight fraction silicon in hafnium, compared with the observed value 
of 70 x 10-8 weight fraction silicon. The higher observed value is 
not unexpected in view of the known intermetallic bonding effects 
between silicon and hafnium. 

An interesting and useful fact is that the monoxides of some metals 
exhibit a higher vapor pressure than the metals themselves, thus pro- 
viding a means by which deoxidation can be accomplished. The 
reactions involved in volatilizing suboxides from the base metal are: 


2,000° K 

Me(g) + O(g) = MeO(g) 
2,0009 К 

Me(g) +2 О (5)=Ме0О, (5) 
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The equilibrium constants for these equations can be calculated from 
Brewer’s [35] values for the heats of formation at 2,000° K and from 
estimated entropy values. The equilibrium vapor pressures of the 
monoxides and dioxides can then be calculated from the known vapor 
pressure of the metals and assumed oxygen partial pressure. Because 
of the lack of data, it is necessary to assume the oxygen partial pres- 
sure equal to that of the known titanium-oxygen system. The vapor 
pressure of metal monoxides at 2,000? K so estimated are presented 
in Table 4.7. Тһе vapor pressures of the higher oxides were found 
to be unimportant. 


TABLE 4./J— ESTIMATED VAPOR PRESSURE OF METAL MONOXIDES 
AT 2,0009 К 


Ме(0)--2040)- Ме0, (9) 


Metal vapor Monoride vapor 
pressure pressure 
Metal (atmosphere) (atmosphere) 
ее ЕТ MERI 1074.9 10-44 
ГЛ дысы далды дады ы ДЕЛЕ 10-8-7 10-6-5 
оса 10-112 10-73 
и eee ENS 10-7.6 10-53 


Deoxidation іп Hafnium 


The mechanism of metal suboxide volatilization may be applied use- 
fully in estimating deoxidizing tendencies in impure hafnium. Refer- 
ence to Table 4.7 shows that hafnium suboxide should vaporize from a 
mixture of hafnium with oxygen. However, the low vapor pressure of 
hafnium suboxide at the temperature of 2,000° K shows the necessity 
of a very high degree of superheat to raise the vapor pressure of this 
Species up to the order of 10-5 to 10+ atmospheres. 

Of importance in the hafnium system also are the estimated vapor 
pressures of the boron, titanium, and zirconium monoxides. These 
Species are estimated to be considerably more volatile than hafnium 
monoxide so that, even in dilute solutions of boron, titanium, and 
zirconium in molten hafnium, the evaporation of the respective monox- 
ides is undoubtedly possible. 
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Comparison of the analyses of arc-melted ingot with electron beam 
melted ingot, Table 4.6, shows a marked reduction in the boron and 
zirconium content that is unexplainable on the basis of the vaporization 
of the metallic species boron and zirconium from the melt. The loss 
of boron monoxide and zirconium monoxide is possible, however, and 
is most probably the mechanism for the reduction in the concentration 
of these elements during the electron beam melting purification cycle. 
The low residual concentration of boron is such that the majority of 
the oxygen loss then is undoubtedly via the mechanism of either haf- 
nium monoxide or zirconium monoxide evolution. 

The total changes in oxygen and zirconium contents correspond very 
closely to the atomic weight ratio of zirconium and oxygen. Thus, it 
is possible that the predominant mechanism for reduction in oxygen 
concentration in hafnium is the loss of zirconium monoxide rather than 
hafnium monoxide. Further, the fact that the titanium content of 
electron beam melted hafnium is one-third of the lower limit estimated 
on the basis of the evaporation of the metallic element itself indicates 
that some loss of titanium monoxide also occurs. The possibility that 
the deoxidation of hafnium could be performed at lower degrees of 
superheat via the evolution of titanium and other metallic monoxides 
will be explored experimentally in the near future. 

Some problems have been encountered in melting by the electron 
beam process. The large amount of volatiles given off by the hafnium 
sponge in the first melt gives rise to excessive splattering, making oper- 
ations difficult. There is also difficulty in connection with lowering the 
ingot as casting proceeds. The upper part of the ingot tends to bind 
against the crucible, and the stresses set up in pulling the ingot 
downward produce tears in the ingot surface. Since only a few 
ingots have been produced and experience is very limited, solutions 
to these problems will undoubtedly be worked out. Conventional 
consumable arc-melting of the first and last melts, for example, would 
overcome these difficulties, while purification would be achieved in 
one or more intermediate electron beam melts. 


Properties of Electron Beam Melted Hafnium 


Electron beam melted hafnium ingots have been fabricated into 
strip and plate using methods similar to those employed on direct 
arc-cast and iodide-procéss ingots [36] and described in Chapter 5. 
Sheet as thin as 0.015 inch has been successfully cold rolled without 
cracking, and reductions in excess of 50 percent have been made 
between anneals. 

In Table 4.8, the tensile properties of electron beam hafnium strip 
are compared with those of strip fabricated in a similar manner using 
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1odide-process hafnium. Although the heat treatments given the - 
two types of material represented in Table 4.8 are not identical, it is 
evident that the tensile properties of the electron beam melted ma- 
terial are essentially equivalent to those of arc-melted iodide process 
material. This is also evident when further comparison is made with 
the data in Table 7.11 (Chap. 7). 

Unfortunately, the corrosion resistance of electron beam melted 
hafnium in high temperature water and steam has thus far proved 
to be highly variable. In some cases corrosion resistance is compar- 
able with that of arc-melted crystal bar material; in other cases, it 
is unsatisfactory. In the unsatisfactory material, corrosion attack is 
nonuniform and banded in nature. The reason for the poor corrosion 
resistance of this material has not yet been established. 


Summary 


It has been shown that impurities can be effectively removed from 
hafnium by means of the electron beam melting process. The difficulty 
with the variable corrosion resistance of hafnium melted by this pro- 
cess must be understood and overcome before it can replace conven- 
tional processing. 


TABLE 4.8—MECHANICAL PROPERTIES ОЕ HAFNIUM STRIP 


Hor ROLLED AND ANNEALED 


Electron Beam Iodide Process (88) 
Anneal...............- 920? C (1,690? F) 900? C (1,650? F) 
1 hr 20 hr 
Test Temperature. ..... R.T. R.T. 600? F 
Tensile Strength (psi)... 66.2Х 10? 59.4 108 33.7 X 10% 
YieldStrength(psi) (0.2% — 26.4x 10 22.4 X 10% 11.0X 10% 
Offset). 
Elongation (%)-------- 33 35 54 
Reduction in Area (%)__ 42 38 56 
12 PERCENT Со ROLLED AND ANNEALED 
Electron Beam (36) Iodide Process (26) 
Anneal...............- 700? C (1,292? F) 700? C (1,292? F) 
3 hr 1 hr 
Test Temperature. ..... R.T. 600? F R.T. 500? F 


Tensile Strength (psi)... 78.4Х10° 52.8108 66.510 403Х10 

Yield Strength(psi) (0.2% 55.8 10? 43.9X 108 35.3 х 108 34.8X 108 
Offset). 

Elongation (%)-------- 26 23 25 45 

Reduction in Area (%)__ 43 49 37 61 
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MELTING, FABRICATION, AND SHAPING 
Е. В. Lorenz}, Editor 
5.1 INTRODUCTION 


Hafnium metal has been utilized almost exclusively for control 
purposes in nuclear power reactors; hence, essentially only that 
processing development necessary for this rather limited scope of 
application has been carried out. The quantities of metal that have 
been processed since the first few pounds were produced in 1950 have 
been insufficient to require the development of large-scale, commer- 
cial, metal-working techniques and have been handled successfully 
on a small scale. 

The incentive and need for doing extensive work in the area of 
fabrication process development have been limited by the small quan- 
tities of hafnium processed and by the sole application to power 
reactor control rods. Most of these control rod applications involved 
design and fabrication problems of the same type. The components 
have been of such size as to obviate the need for large-scale, commer- 
cial operations, so that ingot melting and metal working have been 
handled easily on a small, pilot-plant scale. There is nothing un- 
common about the ingot-conversion techniques. All types of heating 
methods have been used, and nothing unusual has been experienced 
in forging or rolling, with the exception of limited cold-working 
characteristics. These methods produce satisfactory products with 
no real difficulty. Extrusion of shapes, other than rounds, has never 
been wholly successful, probably only because of extremely limited 
development work and the scarcity of metal for such experimenta- 
tion. Wire products have been produced easily by both swaging and 
drawing techniques. 

It has been possible to apply the welding technology of zirconium 
directly to hafnium with no difficulty, and only slight modifications 
of conditions and processes are required. Zirconium machining pro- 
cedures have also been applied successfully to hafnium work with 
only a few refinements. The preparation of hafnium for the final 


1 Westinghouse Atomic Power Division. 
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service environment of hot, pressurized water requires pickling in a 
manner similar to that used for zirconium. Methods of pickling and 
rates of metal removal are presented in the text. 


5.2 MELTING OF HAFNIUM 
By J. С. Goodwin 2 


The use of hafnium in control] rods for pressurized water reactors 
requires that it be corrosion resistant to high-temperature (500 to 
650° F) water. Impurities such as nitrogen and carbon seriously 
reduce the corrosion resistance of hafnium and therefore must be 
minimized if the hafnium is to be suitable for reactor use. The 
effects of various impurities on the hot-water corrosion resistance of 
hafnium, as well as the corrosion requirements for hafnium, are pre- 
sented in Chapter 7. The chemical requirements for reactor-grade 
hafnium are presented in Table 5.1. The refractory and reactive 
properties of hafnium and the chemical requirements for its use in 
pressurized water reactor environments require that contamination 
during all stages of fabrication be kept to a minimum. In melting, 
this is accomplished by the use of arc furnaces and vacuum or inert 
atmospheres. Nonconsumable, nonconsumable followed by consum- 
able, and consumable arc-melting have been used successfully to 
consolidate hafnium crystal bar into ingots for fabrication [1]. 
Sponge hafnium can be readily arc-melted into ingots; however, the 
impurity content of the sponge is such that the resultant ingots are 
not amenable to fabrication. The U.S. Bureau of Mines [2] has 
undertaken an extensive program to develop techniques for providing 
hafnium sponge of a purity that permits melting directly into in- 
gots (see Chap. 3). 


TABLE 5.1—IMPURITIES IN TYPICAL HAFNIUM STRIP 





Element (ppm, unless Element (ppm, unless 
noted) noted) 

Aluminum. ..........- 50 Manganese............ < 10 
Вогоп----.------------ <5 Molybdenum.......... <10 
Cadmium. ............ «1 МїеКе1_—-------------. <10 
Carbon. ez 50 Nitrogen.............. 20 
Chromium. ........... « 10 Охуреп.-------------. 500 
Cobalt...............- <10 Silicon---------------- <10 
Соррег--------------- < 50 ЖІПЕ сан PETS <10 
Hydrogen !------------ < 30 Titanium............. « 10 

ӘМЕТ КЕНЕТ ТЕР ЕТ 100 Tungsten. ........-..-. 50 
Пай Se lee els <10 Zirconium............. 2. 25% 
Magnesium. .......... <10 


1 In vacuum-melted material, the hydrogen would be 5 to 10 ppm. 


2 Westinghouse Atomic Power Division. 
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The primary impurity contributing to hardness is oxygen. The 
main source of oxygen contamination in Kroll-process hafnium 
sponge appears to be oxygen-bearing compounds present in the tetra- 
chloride. The use of mixtures of sodium and vacuum-distilled mag- 
nesium to reduce hafnium tetrachloride, the use of filtering devices 
for chemical removal of impurities from the gaseous tetrachloride, 
and the dissolution of the tetrachloride in fused salts such as sodium 
chloride-magnesium chloride mixtures have been investigated and 
have indicated promise. The bimetal reduction technique has pro- 
duced material containing 300 to 825 ppm oxygen (normal oxygen 
content is 1,100 to 1,500 ppm). "The filtering technique has produced 
hafnium sponge with oxygen contents ranging from 550 to 1,100 ppm, 
depending on the filter used. The dissolution of impurities in fused 
salts has not progressed to a stage where conclusions can be drawn. 

The high-purity requirement, both from a corrosion and fabrica- 
tion standpoint, has prevented the use of induction melting as a tech- 
nique for forming hafnium ingots for reactor use. Hafnium readily 
attacks the crucible material during induction melting and becomes 
contaminated with the reaction products. Melting has been limited 
to 4- to 5-inch diameter ingots of about 50 pounds because of lack of 
demand for larger ingots rather than because of any inherent limita- 
tion in the process. Several attempts have been made to melt larger 
ingots on a commercial basis, but the majority of hafnium ingots 
have been melted in pilot-plant facilities. The techniques for arc- 
melting hafnium which are described in this section were developed 
at Bettis Plant. 


Nonconsumable Arc-Melting 


Satisfactory ingots can be made by the nonconsumable arc-melting 
process. This method, which involves melting of small pieces of 
charge material in a water-cooled, copper crucible with a water- 
cooled, tungsten-tipped electrode, was employed during the earlier 
phases of the development of hafnium fabrication [3]. While this 
method has been superseded by the consumable arc-melting process, 
the fact remains that a shop equipped only with nonconsumable 
arc-melting furnaces can produce ingots of acceptable quality. 

The first step in the melting of iodide hafnium bars by the non- 
consumable arc-melting process is the conversion of bars into feed 
stock of a suitable size. It has been found that cubes approximately 
14 inch square are the largest that can be used for production of 
sound single-melt ingots. Hafnium crystal bars are converted into 
feed stock by hot-groove rolling the bars at 1,700° F. Heating for 
hot rolling is done at 1,700? Е for 5 to 10 minutes in an electric fur- 
nace in which an atmosphere of flowing argon is maintained to 
minimize oxygen and nitrogen contamination of the hafnium. The 
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furnace hearth is kept free of foreign matter which could contami- 
nate the bars. With reductions of approximately 20 percent per pass, 
each bar is reduced 80 to 90 percent in area prior to reheating. After 
reheating, the bars are reduced about 60 percent in area, using reduc- 
tions of 15 percent per pass until the final size of 14 inch square is 
obtained. These bars are sand-blasted and then pickled in a hot 
aqueous solution (150 to 1809 F) of 45 percent nitric, 3 percent 
hydrofluoric acid. Next, the rods are chopped to 14-inch lengths, 
mechanically blended to reduce chemical heterogeneity, and finally 
degreased. 

Nonconsumable arc-melting is done in a tungsten-tipped-electrode 
arc furnace (Fig. 5.1) such as that which is described in Reference 4. 
The furnace is similar in construction to that shown in Figure 5.2, 
with the exception that the consumable electrode is replaced with a 
tungsten-tipped electrode. Ingots 4 to 5 inches in diameter and up to 
50 pounds in weight have been melted, the size being limited pri- 
marily by the application. A vibrating hopper in the arc furnace is- 
charged with the weight of feed stock to be melted. Тһе furnace is 
then sealed off, evacuated to 20 microns pressure with a mechanical 
pump, purged with helium, evacuated again to 10 microns pressure, 
and filled with a 5-part-helium, 1-part-argon atmosphere at a pres- 
sure of 1 atmosphere. Melting is begun by striking an arc on a small 
quantity of feed stock which has been placed on the bottom of the 
water-cooled copper crucible. Тһе arc is initiated by lowering the 
tungsten-tipped electrode until a magnesium ribbon, previously at- 
tached to the electrode, touches the bottom of the crucible. As soon 
as an arc is established, the vibrating hopper is activated and haf- 
nium is fed into the crucible. After approximately one minute, feed- 
ing 1s stopped and the electrode is lowered nearer to the metal pool. 
This step is termed *puddling," and its purpose is the melting of 
particles of feed stock which may have sunk to the bottom of the 
molten pool. Following this the electrode is withdrawn in order to de- 
crease the depth of the molten pool. This step is termed “freezing.” 
The shallow molten pool insures than any solid charge adhering to the 
bottom can be melted in the subsequent puddling step. Тһе melting 
cycle, which consists of feeding for 1 minute, puddling for 3 minutes, 
and freezing for 2 minutes, is repeated until the entire charge has 
been melted. "The ingot is cooled for about 20 minutes before re- 
moval from the crucible. Because of the danger of melting through 
the crucible at the beginning of the melt, the initial puddling depth 
15 not so great as the succeeding ones; therefore, the particles at the 
bottom of the ingot are not completely melted. 'To render this por- 
tion of the ingot sound, the ingot is inverted in the crucible and the 
original bottom is remelted. Conditions for nonconsumable arc- 
melting are summarized in Table 5.2. 
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FIGURE 5.1. Tungsten-Tipped Electrode Arc Furnaces for Nonconsumable Arc- 
Melting (from Ref. 6 Courtesy of American Institute of Mining, Metallurgical, 
and Petroleum Engineers, Inc.). 


TaBLE 5.2—CONDITIONS FOR NONCONSUMABLE ARC-MELTING 


Electrode tip.......... Tungsten. 

ао слугу зу ЕЕ 1000 %о 1100 атр. 

VYOlUAdÉL. а zen ааа 48 to 50 volts (electrode nega- 
tive). 

Atmosphere... ........ 1 part argon: 5 parts helium. 

| у-ү, uu coe nhe ne 1 atm. 

Melting rate. ......... one-sixth lb/min. 
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NEGATIVE POWER 
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WATERCOOLED COPPER 
ELECTRODE RAM 


ELECTRODE CONTAINER 


MICARTA INSULATING RING 


< CONSUMABLE ELECTRODE 
WATER OUT 
-------»- WATERCOOLED SPACER 
WATERSIN WATER OUT 
P —— WATER JACKET 


COPPER MOLD 
INGOT 


POSITIVE POWER CONNECTION 


WATER IN 


Frcure 5.2. Diagram of Tungsten-Tipped Electrode Arc Furnace (from W. J. 
Hurford and F. R. Lorenz, Journal of Metals, September 1955, Courtesy of 
American Institute of Mining, Metallurgical, and Petroleum Engineers, Inc.). 
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Yields from iodide hafnium crystal bars to conditioned ingots агс- 
melted by the nonconsumable method have consistently been in the 
neighborhood of 97 percent. Although the nonconsumable arc- 
melting technique has an extremely high yield, it has the following 
inherent. disadvantages: 

(a) The hafnium crystal bars must be fabricated into feed stock. 
This involves considerable expense. 

(6) The hafnium crystal bars are subjected to contamination by oxy- 
gen and nitrogen during the hot-groove rolling operation. Laps 
and seams which may develop in the bars trap oxide that cannot 
be removed during subsequent blasting and pickling operations. 

(c) Metal is lost. as oxide during hot-rolling the crystal bar and in 
the subsequent pickling operation. | 

(d) The melting rate is low, approximately one-sixth lb/min. 

(e) There is a possibility of voids and unmelted pieces in the ingot. 

Tungsten and thoriated tungsten (1 to 2 percent ThO;) serve 
equally well as electrodes for the nonconsumable melting of haf- 
nium. These materials have the essential characteristics of high 
melting point, low vapor pressure at operating temperature, suffi- 
ciently high thermal conductivity to prevent overheating, sufficient 
electrical conductivity to carry melting currents, and good mechanical 
strength at high arc currents. The tips employed vary from 14 to 
34 inch in diameter, and 34 to 1% inches in length and are usually 
threaded into the water-cooled copper electrode. Graphite is not used 
as an electrode because the carbon pickup in the ingots would be 
excessive. Other techniques such as coating a graphite tip with the 
metal to be melted and making tips composed of metals, carbides, 
and oxides have not proved successful. Hoge [5] investigated several 
materials: Zr + 270; Zr + ZrC; ZrO. + ZrC; and Zr + ZrO: 
+ ZrC. In these cases, the thermal and electrical characteristics 
were so poor that the tips melted after a few minutes’ use. 


Double Arc-Melting 


The double arc-melting technique [6], nonconsumable followed by 
consumable arc-melting, eliminates some of the disadvantages of the 
nonconsumable melting method previously described. Briefly, the 
method involves consumably remelting a 215- to 3-inch diameter, non- 
consumably melted ingot into a 4- to 5-inch diameter ingot. Тһе first 
step of this process is to prepare the iodide hafnium crystal bars for 
nonconsumable melting into a 215-inch diameter ingot (see previous . 
section). А reusable threaded stub from a previous consumable melt 
is placed at the bottom of the 21-inch diameter copper crucible. 
This serves two purposes: one is to provide material on which to 
start the melt without contaminating it with copper, and the other 
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is to provide a threaded portion for connection to the copper elec- 
trode for the subsequent consumable melt. The desired weight of 
prepared feed stock is charged into the vibrating hopper of a tung- 
sten-tipped-electrode arc furnace. The furnace is sealed, evacuated 
to a pressure of 20 microns, purged with helium, evacuated to 10 to 
15 microns pressure, and filled to 1 atmosphere pressure with a mix- 
ture of 2 parts helium and 1 part argon.? (See Table 5.3.) 


TABLE 5.3—CONDITIONS FOR DOUBLE ARC-MELTING [6] (NON- 
CONSUMABLE FOLLOWED BY CONSUMABLE) 


First Melt 3 ( Nonconsumable) Second Melt 3 (Censumable) 
Melting rate... ........ 1 lb/min............... са. 3 lb/min. 
Atmosphere............ 1 part argon: 2 parts 1 part argon: 1 part 
` helium. . helium. 
Pressure............... {ЖҮ с; зааны 1/6 atm. 
Current- -------------- 1,200 to 1,800 amp. .... 2,300 to 2,500 amp. 
Voltagpet-. ntes 38 to 42 volts______---- 30 to 35 volts. 


1 Courtesy of American Institute of Mining, Metallurgical, and Petroleum Engineers, Inc. 
2 244-in. diameter, 35 10. 

3 4-in. diameter, 35 Ib. 

1 Eleccrode negative. 


Ап arc is struck on the ingot stub at the bottom of the crucible, 
and metal is fed into the molten pool from the vibrating hopper. 
The iodide hafnium chunks are fed into the molten pool а few at a 
time. Ав soon as these are melted, more metal is fed into the melt. 
The melting rate is about 1 lb/min. It is not the purpose of the non- 
consumable melt to make a sound ingot, but simply to consolidate the 
iodide hafnium chunks into a shape which can be consumably melted. 
Melting is done as rapidly as possible while still producing a coherent 
ingot. А single-melted, 214-inch diameter ingot is shown in Fig- 
ure 5.8. 

The stub upon which the nonconsumable melt is made has already 
been drilled and tapped for its previous use as a consumable elec- 
trode. The nonconsumable ingot can then be screwed onto the 
copper electrode of a consumable electrode arc furnace, such as that 
shown in Figure 5.2. Clean machining scrap or hafnium fines from 
the feed-stock preparation are placed on the bottom of a 4-inch 
diameter copper crucible in order to avoid arcing through the 
crucible on starting. The furnace is then evacuated to 20 microns 
pressure, purged with helium, evacuated to 10 to 15 microns pressure, 
and an inert atmosphere of 1 part argon to 1 part helium is intro- 


*'The various helium: argon ratios noted in Tables 5.2 and 5.3 are largely established 
by trial and error. Тһе addition of argon stabilizes the arc. Тһе earlier practice, 
nonconsumable arc-melting, employed relatively more helium than the later processes 
because the argon then available was impure. Ав higher-grade argon became available, 
higher percentages of argon were employed. 
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duced. Following this, the furnace 18 evacuated to approximately 
1/6 atmosphere. In addition to reducing the amount of entrapped 
gas, the lower pressure employed here promotes a less stable arc 
which, in turn, produces a greater stirring action in the melt. The 
arc is struck by touching the electrode to the fines at the bottom of 
the crucible. Melting is stopped when the desired weight has been 





| 6 ІМСНЕ5 | 





Етвове 5.3. Chopped Crystal Bar Hafnium Feed Stock and 2%-Іп. Diameter 
Nonconsumable First Melted Iodide Hafnium Ingot (from Ref. 6 Courtesy 
of American Institute of Mining, Metallurgical, and Petroleum Engineers, 
Inc.). 
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FIGURE 5.4. Left: Weld-Conditioned Consumable Electrode Arc-Melted Hafnium 
Ingot. Right: As-Cast Consumable Electrode Arc-Melted Hafnium Ingot 
with Spatter Ring Melted Down (from Ref. 6 Courtesy of American Institute 
of Mining, Metallurgical, and Petroleum Engineers, Inc.). 


melted. The crucible along with the consumable ingot is then trans- 
ferred to a tungsten-tipped-electrode arc furnace where the spatter 
ring is melted down and the bottom is remelted. If an exact ingot 
weight is desired, additions can be made at this time. Figure 5.4 
illustrates an as-cast, consumably arc-melted ingot with the spatter 
ring melted down. Recommended conditions for the double arc- 
melting process are summarized in Table 5.3. 


Consumable Arc-Melting Process 


The consumable arc-melting process permits the direct production 
of sound ingots from iodide hafnium crystal bar and is the preferred 
melting method. The process is a fairly simple one, employing a 
consumable electrode made by tack-welding iodide hafnium crystal 
bars together, as pictured in Figure 5.5. Figure 5.6 shows how the 
bars are attached to the copper electrode. Because the hafnium crys- 
tal bars are not always straight, they are cold-straightened on a 
forge press prior to assembly into an electrode. After the bars have 
been tack-welded every 4 inches, using hafnium welding wire, the 
electrode is vacuum-annealed at 850° C for 1 hour to relieve any 
residual stress that might cause the electrode to spring apart when 
melting begins. Melting conditions previously described for consum- 

519561 0—60— 11 
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К1ООВЕ 5.5. Iodide Hafnium Crystal Bars Joined for Consumable Arc-Melting 
(from Ref. 6 Courtesy of American Institute of Mining, Metallurgical, and 
Petroleum Engineers, Inc.). 


able arc-melting are used except for slightly higher currents (2,800 
to 2,900 amp). By constructing the electrode so that the crystal bars 
are joined as shown in Figure 5.7, the ingot weight can be controlled 
to + 0.1 pound. The exact amount to be melted is weighed out, and 
the electrode is constructed. The weight to be melted is that con- 
tained in Section А-В in Figure 5.7. Melting is stopped when the 
large-diameter section is consumed. As in the previously described 
melting technique, the consumable ingot and its crucible are trans- 
ferred to a tungsten-tipped-electrode arc furnace where the spatter 
ring is melted down and the bottom is remelted. ! 
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Other Factors in Melting 
Scrap Additions 


Solid scrap such as end tailings and edge trim can be added in 
several ways, depending upon the melting technique being utilized. 
It is necessary to blend the scrap uniformly with virgin material to 
prevent accumulation of undesirable elements such as oxygen and 
nitrogen. In the case of nonconsumable arc-melting, scrap can be 
added by mechanically blending the sized, chopped, and cleaned 
pieces with the raw material of the charge. Scrap can be added to 
consumable melts by tack-welding strips of clean scrap to the elec- 
trode [7]. Machining scrap is not recycled because of the oxygen 
and nitrogen contamination which is acquired during machining. It 
has been the practice to add 30 percent solid scrap to each melt. 
Although several isolated ingots of 100 percent solid scrap have 





FIGURE 5.6. Tack-Welded Hafnium Crystal Bar Electrode Near Completion of 
Consumable Arc-Melt Showing Attachment of Crystal Bars to the Copper 
Electrode (from Ref. 6 Courtesy of American Institute of Mining, Metallurgi- 
cal, and Petroleum Engineers, Inc.). 
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Ficurs 5.7. Diagram Showing How Iodide Hafnium Bars Are Joined into 8| 
Consumable Electrode (from Ref. 6 Courtesy of American Institute of Min-: 
ing, Metallurgical, and Petroleum Engineers, Inc.). HL 
| ец 
proved satisfactory with respect to fabrication, corrosion, and chemé y 
istry, a conservative limit of 30 percent solid-scrap additions to алу); 
ingot has been set. This limit not only provides a safety factor ог, 
maintaining impurity elements at low levels, but also permits utiliza- 
tion of all the solid scrap generated during control-rod manufacture. 
A 
Ingot Conditioning it 


` 





Until the innovation of surface fusion, iodide hafnium ingots wert. 
conditioned by spot-grinding to remove melting ridges or porous 
areas which might affect the quality of the fabricated shape. Surface 
fusion is accomplished by rotating an ingot on a lathe fixture (Fig: | 
5.8) and running an autogenous weld bead over the periphery in san 
chamber under a helium or argon atmosphere at a pressure slightly iq 
greater than one atmosphere using a thoriated tungsten welding elec-'n 
trode. Power requirements are 250 to 300 amp at 17 to 24 ух 
Material losses in this type of ingot conditioning are negligible. р 
ingot shown in Figure 5.4 was conditioned by surface fusion. чы 

i 
| 
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FIGURE 5.8. Lathe Fixture and Chamber Used in Weld-Conditioning of Hafnium 
Ingots (from Ref. 6 Courtesy of American Institute of Mining, Metallurgical, 
and Petroleum Engineers, Inc.). 


Surface fusion has a distinct advantage over other types of condi- 
tioning in that it removes most of the porosity usually found beneath 
the surface of arc-melted ingots. Prior to the advent of surface 
fusion, the porosity beneath the surface appeared on hot-rolled plates 
as surface defects, requiring a machining allowance of about 15 per- 
cent more than that for weld-conditioned material. Thus, a consid- 
erable saving of material is realized by the use of this method of 
jeonditioning because less metal is required per plate and less metal is 
converted to machine scrap. 

Although originally developed for short, small-diameter ingots, the 
surface-fusion process has been adapted for the conditioning of 12- 
inch diameter, 14-ton, zirconium alloy ingots. 












1Ingot Quality * 


4 Ingots produced by consumable arc-melting techniques are quite 
юа. Тһе average hardness of the ingots (171 BHN/3,000 kg) is 
[ез than that for ingots produced by nonconsumable methods (184 
ДЕНХ/8,000 kg). Тһе double-melting method has the advantage of 
типах any chemical heterogeneity which may exist in the crystal 
їз or scrap used in making up the charge. The single-melting 
tocess provides a method for the rapid production of sound ingots. 
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Contamination 


Copper, tungsten, nitrogen, and oxygen can be introduced acci- 
dentally during melting. These elements can adversely affect corro- 
sion resistance and fabricability. Oxygen, which affects fabricability, 
and nitrogen, which affects both corrosion resistance and fabric- 
ability, can be introduced through a leaky furnace or as impurities in 
the inert-gas supply. Copper, which also decreases corrosion re- 
sistance, can be introduced at the initiation of melting if a portion of 
the crucible bottom is melted into the ingot. Tungsten, which affects 
hardness and fabricability, can be introduced throughout а non- 
consumable melt in which a tungsten-tipped electrode is used. This 
comes about primarily as a result of molten metal splashing on the 
electrode tip. Tungsten can also be introduced in consumably-melted 
ingots if the bars are tack-welded together with tungsten electrodes. 
Tungsten contamination can be minimized in nonconsumable melts 
by taking care to prevent splashing of molten metal on the electrode 
tip. Tungsten contamination can be eliminated from consumable 
melts by tack-welding the electrodes with hafnium wire. Copper 
contamination can be minimized by initiating the arc at very low 
power levels and by increasing to full power in increments as the 
amount of metal in the crucible increases. It can be essentially elimi- 
nated by the initiation of melting on a plate of hafnium placed on 
the crucible bottom. Starter plates 14 inch thick with a 14-inch 
thick pin in the center are generally employed. Gaseous contamina- 
tion can be minimized by utilizing inert gases for the furnace atmo- 
sphere and by maintaining a leak-tight furnace system. 


5.3 HEATING FOR HOT-WORKING 
By J. G. Goodwin 2 


Hafnium reacts with both nitrogen and oxygen in air at elevated 
temperatures. This reaction forms a gross surface scale and, under 
it, a diffusion layer containing nitrogen and oxygen in solid solution. 
Both gases dissolve readily in hafnium, decreasing room-temperature 
ductility and increasing hardness. Heating of iodide hafnium for 
laboratory fabrication is generally accomplished in an electric re- 
sistance furnace. A constant flow of argon through the furnace is 
desirable to minimize oxidation of the material. Commercial gas- 
and oil-fired furnaces, although not ideal, are satisfactory for heating 
hafnium, providing the proper precautions are utilized; e.g., removal 
of scale from the furnace, cleaning of the hearth, and protection 
from direct impingement of the flames. However, the use of com- 


5 Westinghouse Atomic Power Division. 
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mercial furnaces is not recommended because of the danger of hydro- 
gen pickup. The rapid and uniform heating of commercial salt 
baths provides a satisfactory method for heating iodide hafnium. 
Usually chloride salt baths are employed, with the composition de- 
pendent upon the temperature range desired. In addition to the high 
rates and uniformity of heating offered by salt baths, the molten salt 
adheres to the surface, reducing oxidation and providing a lubricant 
for certain types of fabrication, such as extrusion. 

The time and temperature limits for heating iodide hafnium de- 
pend on a number of factors such as the heating medium, the size of 
the piece, the operation to be performed, and the amount of metal 
which can later be removed from the surface. It is best to heat the 
hafnium to such a temperature that the fabrication operation can be 
completed in one operation, thereby reducing gaseous contamination. 

As is the case with zirconium, hot working is done in the alpha 
range. Because the atom percent of oxygen in hafnium crystal bar 
is some six times that in zirconium crystal bar, and because of the 
higher alpha-beta transformation temperature of hafnium, the hot 
working temperatures for hafnium are higher than those for zir- 
conium. Thus, arc-melted crystal bar hafnium is forged at 2,000? Е, 
whereas arc-melted crystal bar zirconium is formed at 1,400° F. 
Similarly, hot rolling of arc-melted crystal bar hafnium is performed 
at 1,700° F, while arc-melted crystal bar zirconium is hot rolled at 
1,400° F. 


5.4 FORGING 
By R. W. Redlinger 6 


Forging 


This section describes press- and hammer-forging of hafnium. 
Both forging processes are acceptable, and the choice of method de- 
pends upon the equipment available. Much of the information on 
this phase of hafnium metallurgy resides in unpublished reports. 
The information presented here is rudimentary, but should serve ав. 
a guide to further development in the primary breakdown of hafnium 
ingots. Attempts to develop techniques for the primary working of 
hafnium were originally conducted about. 1951 [8, 9]. Development 
has progressed at a modest rate at various installations of the 
Atomic Energy Commission because the incentive for the development 
of new and improved techniques has been limited by the rather 
small quantities of material being processed. Тһе published results 
of these developments are presented in the following sections. 


6 Westinghouse Atomie Power Division. 
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Arc-melted hafnium ingots are conditioned and fabricated ша 
manner similar to that described for arc-melted zirconium by Gordon 
and Hurford [10]. Four-inch diameter, arc-melted ingots are the 
common starting stock for the forging operation, but 5-inch diameter 
ingots have been forged successfully. 

Prior to forging of the ingot, surface imperfections are removed 
by grinding, sandblasting, and etching. Care must be taken to 
smooth rough spots that could result in folding during forging. 


Forging Methods 


The similarity of hafnium and zirconium fabricating techniques is 
evident in the forging operation. However, higher temperatures are 
required for hafnium since it does not deform as readily as zir- 
conium. While nitrogen and oxygen dissolve in iodide hafnium and 
decrease room-temperature ductility and increase hardness [11], these 
effects do not persist to an important degree at hot-working tem- 
peratures. 

Press-Foreinc. The most common type of forging used for haf- 
nium is press-forging. Several techniques have been reported, but 
the more-widely used method of cogging, or initially squaring, the 
ingot and then reducing the cross section a maximum of 40 percent 
is the most direct method of reducing the ingot to a slab. It is be- 
lieved that the cogging operation consolidates the outside surfaces 
of the ingot and breaks up the coarse-grained ingot structure. 
Following this operation, a more drastic reduction can be realized 
without cracking. Several investigators report satisfactory results 
with this method [6, 12]. When the ingot quality has been im- 
paired by copper or other contaminants, a less-severe forging tech- 
nique must be used. Press-forging, sometimes utilizing a spreader, 
bar to get proper flow of the metal at the ends of the forging, has 
produced acceptable slabs. The ingot must be examined for signs 
of cracking after each pass. When cracks are detected, forging 
must be interrupted until they have been removed by grinding. 

The pressure required to work an ingot is dependent upon re- 
duction and temperature. The temperature range is somewhat lim- 
ited, as described above; therefore, pressure depends primarily upon 
the amount or reduction. In press-forging, the preliminary square 
and octagon forming of a 4-inch diameter ingot requires an exerted 
pressure of approximately 25 tsi. As the reduction increases to 
40 to 45 percent of the cross-sectional area, a minimum pressure of 
35 {51 18 required. Less severe operations such as edging and flatten- 
ing require 1.5 to 3 tsi. These values are illustrative and are not 
expected to be valid for all forging conditions. А press-forged 
slab is illustrated in Figure 5.9. 
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FIGURE 5.9. A Press-Forged Billet for Rolling Made from a 5-In. Diameter 
Ingot. 


Hammer-Foraine. Forging of 50-pound, 4-inch diameter, arc- 
melted, iodide hafnium ingots has been successfully accomplished 
on 2- to 5-ton steam forge hammers [6, 13]. The rapid action of 
the hammer minimizes heat loss, and therefore, more passes can be 
made between reheats. Slabs of high quality have been made by 
using a forging sequence similar to that used in press-forging. 

Hafnium forging stock is preheated as described in Section 5.3. 
The common preheat temperature is 2,000° F, but some forging of 
hafnium ingots has been done successfully at 1,750 to 1,800° F. To 
avoid excessive contamination from gases and to reduce oxidation 
losses, ingots should not be heated above 2,000° F. It has been found 
that forging should not be continued when the temperature falls 
below 1,550° F. The general practice is to reheat after every pass 
to maintain a 1,700? Е temperature, but the need for reheating re- 
mains a matter of operator judgment. 


Quality of Product 


The quality of the product depends to a large extent upon the 
quality of the starting material. The factors affecting the quality of 
the ingot are discussed at the end of Section 5.2. The removal of im- 
perfections in the surface of the ingot prior to forging is essential, 
as 13 the removal of surface defects after each forging step. Hafnium 
ingots are not appreciably contaminated with metallic impurities 
during the forging operation. However, it has been reported that 
the oxygen may be doubled [14]. 
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5.5 ROLLING 
Ву В. W. Redlinger” 


Following the early investigations of the forging of hafnium, the 
demand for rolled strip for reactor use necessitated considerable 
development of the rolling procedure. It was observed early by 
Gordon and Hurford [10] that hafnium could be rolled in much the 
same way as zirconium. Since hafnium readily absorbs gases from 
the atmosphere at hot-working temperatures, early development of 
rolling hafnium in protective jackets was performed by Macherey 
[8]. Concurrently, other investigators were exploring the possibility 
of heating in an inert atmosphere. The results of these investiga- 
tions and the information presented by others are reviewed below. 


Hot-Rolling 
Processes 


The arc-melted and forged hafnium ingots described in the fore- 
going sections are the starting materials for the hot-rolling operation. 
The surface quality of the final product is dependent upon the 
condition of the starting material. Prior to hot-rolling, starting stock 
must be grit-blasted to remove the oxide formed during the forging 
operation. Surface imperfections detected after grit-blasting must 
be removed by grinding, blasting, and pickling if the final product 
is to be free of laps, seams, and slivers. 

It has been established that reductions, reheat times, and roll 
pressures in hot-rolling of zirconium are applicable to the hot-rolling 
of hafnium. However, a higher temperature is required for hafnium. 

Investigation of rolling temperature and other variables has been 
reported by several workers. Hurford and McClintick, in their work. 
heated slabs to 1,7009 F in an argon atmosphere and hot-rolled in 
air on a two-high hot mill with 12-inch diameter rolls [14]. Hot- 
rolling produced an elongated micro-structure similar to that of 
cold-worked material. A 30-minute anneal at 1,700? F following the 
last rolling pass yielded a recrystallized structure [12]. 

Strip made from arc-melted iodide hafnium has been successfully 
hot-rolled after preheating for 1 hour at 1,700? F. Although lower 
temperatures have been reported for rolling, 1,700? F appears to be 
generally accepted. According to one source, rolling should begin 
at 1,650 to 1,700? F and finish not lower than 1,3809 F [11]. From 
the work undertaken at the U.S. Bureau of Mines, it was found that 
sponge hafnium could be rolled from 1,740? F to 1,560? Ғ in air [2]. 
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There is general agreement that hot-rolling temperatures should not 
exceed the limits presented above. 

Hot-rolling of hafnium is generally limited to 15 to 20 percent 
reductions per pass, each pass being followed by a 15-minute reheat. 
Larger reductions have been made, but considerable mill error results 
from the spring-back of the rolls. The capacity of the mill is also 
a governing factor in reduction limitations, but material properties 
usually supersede this limitation. The criticality of mill speed is 
not noticeable in hot-rolling, but the reported values average between 
100 and 165 feet per minute. 

The metallic contaminants found in hafnium crystal bar are not 
increased during rolling, but the oxygen and nitrogen content in- 
creases several parts per million. The intent is to maintain an oxygen 
level of less than 900 parts per million. | 


Product Quality 


Hot-rolling may not produce the best quality in certain products, 
but its ability to produce satisfactory flat products has caused it to 
become the most extensively used and important method for working 
hafnium. As in any other metal, the quality of the hafnium product 
is a function of working techniques, inspection, and conditioning. 
Working techniques have been fairly standardized as a result of 
past development, but inspection and conditioning depend largely 
upon the capabilities of the operator. The importance of slab 
preparation and inspection cannot be over-emphasized, especially in 
view of the intrinsic value of the material. 

Hot-rolled hafnium strip, fabricated by methods previously de- 
scribed, exhibits a high-quality surface finish after sandblasting and 
etching. 


Product Yields 


Yields of hot-rolled products have been shown to be comparable 
with those of forging, and both are relatively high as compared with 
other methods of fabrication. With the exception of the tailings 
cropped from each end of the strip, very little material loss is 
realized. Strip, 0.250 inch thick x 5.0 inches wide, has been rolled 
to various lengths depending upon ingot size. А 30-pound ingot 
ylelds approximately 55 inches of usable material. Table 5.4 sum- 
marizes the fabrication losses and yields in converting crystal-bar 
hafnium to plate. It is obvious that the rolling operation contributes 
considerably to the high degree of efficiency obtained. It has been 
estimated that the rolling yield in producing 14-inch plate from a 
l-inch slab is 96 to 97 percent [19]. Higher total yields could be 
attained if strip tail loss could be minimized. 
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TABLE 5.4—FABRICATING LOSSES AND YIELDS IN CONVERTING 
CRYSTAL-BAR HAFNIUM TO PLATES [14] 


Losses 


1. 0.5% loss in groove-rolling crystal bars to 745-square stock. 

2. 1.5% loss in chopping, sifting, and preparing material for arc-melting. 

3. 1.8% loss in fabricating 4-in. diameter, 50-lb., arc-cast ingots into plate stock. 
4. 11.4% loss in tail material during shearing plates to length. 


Yields 


1. 97 to 98% yield from corrosion-tested crystal bar to conditioned arc-cast 
ingots. 
2. 85% yield from crystal bar to sheared blanks. 


Cold-Rolling 


In an effort to conserve hafnium, cold-rolling the product to final 
thickness instead of hot-rolling, conditioning, and machining to final 
dimensions has been investigated [16]. Considerable over-all savings 
were realized by this means. 


Processes 


The usual starting stock for cold-rolling 13 previously hot-rolled 
hafnium which has been sandblasted and pickled to remove the oxide 
formed during heating. It is usually necessary to remove 0.002 to 
0.003 inch per surface by sandblasting and pickling before cold-roll- 
ing to insure complete removal of surface contamination. 

In cold-rolling, several important variables must be controlled to 
yleld an acceptable product. A number of investigators have re- 
ported the effects of reduction, annealing, and impurities and the 
limitations imposed by them. 

Cold-rolling is ordinarily done in conventional, four-high mills 
although some investigators have used Sendzimir mills and other 
special equipment. Some work has been done on a four-high mill 
with 5-inch diameter working rolls. The work reported by Eppel- 
sheimer and Gould [17] was limited to 2-inch rolls. 

Cold-rolled hafnium strip has been reduced from cleaned, hot- 
rolled strip by individual reductions of 7 percent and a total reduc- 
tion of 30 percent between anneals [6]. Larger reductions have been 
made, but edge cracking resulted. Total reductions of up to 50 per- 
cent can be made, but cracking becomes severe. Edge cracking 
usually begins at approximately 30 percent reduction, and the cracks 
propagate rapidly with each succeeding reduction. A curve of 
hardness as a function of the amount of cold reduction is presented 
in Chapter 7, Figure 7.16. 
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The criticality of a 30 percent total reduction between annealing 
has been noted by several investigators. It was found that cold- 
rolled hafnium thicker than 0.050 inch may be annealed in air 
without introducing more than surface contamination provided the 
times and temperatures are not excessive. When the thickness is 
less than 0.050 inch, a vacuum or inert atmosphere must be used for 
annealing. Annealing times and temperatures are determined from 
the amount of prior cold work and thickness of the section. Fig- 
ure 7.23 (Chap. 7) presents the effect of various cold-rolling reduc- 
tions and the temperature range over which recrystallization occurs. 
It has been suggested that short intermediate anneals at 1,470? Е 
should be adequate for relief of cold-rolling stresses [18]. 

During an investigation by Eppelsheimer and Gould [17] to de- 
termine the texture of cold-rolled hafnium, it was noticed that the 
zirconium content affected the reductions obtainable. Two samples 
of arc-melted crystal bar were prepared by the U.S. Bureau of 
Mines Station at Albany, Oreg. One sample contained approximately 
3 percent zirconium as the principal impurity; the other contained 
0.01 percent zirconium. Тһе other impurities were reported to be 
of the order of 500 ppm or less. Тһе reduction possible оп the 
sample containing 3 percent zirconium seemed to be limited only 
by the rolling equipment available, but the 0.01 percent zirconium 
strip cracked badly at 60 to 70 percent total reduction. It appears 
that zirconium in solid solution in hafnium does not impair the 
cold-rolling properties of the latter, but the presence of dissolved 
gases may possibly have affected the result. Apparently, oxygen 
has a greater hardening effect on hafnium metal than on zirconium, 
since the oxygen impurity levels are comparable in the two metals 
[2]. 

Foils have been made at Bettis Plant both by ordinary cold- 
rolling and by cold pack-rolling. In the latter case, the pack was 
contained in a steel jacket and has been unsuccessful for foil 
thicknesses less than 0.007 inch. The quality of the foil is poor 
because the jacket appears to elongate more than the hafnium so 
that the foil is torn. It has been possible to cold-roll hafnium foil 
0.002 inch thick by 1.5 inch wide experimentally using vacuum- 
melted material (1.5 w/o Zr, 90-120 ppm О», 6-8 ppm Н», 9-10 
ppm №). Іп this case, the material was first hot-rolled to a thick- 
ness of 0.050 inch, vacuum-annealed at 1,550° F for 3 minutes, and 
sandblasted and pickled. After the edges were sheared to remove 
edge imperfections, the material was cold-rolled to 0.036 inch using 
0.003-inch reductions per pass and then annealed at 1,550° F for 
30 minutes. Cold-rolling was continued on a two-high jewelers’ 

mill (3-inch diameter rolls) to 0.015-inch thickness using 0.002-inch 
reduction per pass with manual back tension. Further cold-rolling 
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was accomplished on the same mill with the rolls set as tight as 
possible, with 120 passes being required to achieve the final thickness 
of 0.002 inch. The material was given a final vacuum-anneal at 
1,550° F for 30 minutes. This experimental rolling suggests that 
foils could be readily fabricated on a larger scale using special 
equipment such as a Sendzimir mill. 


Product Quality 


The quality of cold-rolled hafnium strip is comparable with that 
of hot-rolled strip when individual reductions in thickness have not 
exceeded 7 percent and intermediate annealing follows each 30 per- 
cent total reduction. From a corrosion standpoint, cold-rolled 
hafnium which has been pickled exhibits the same corrosion prop- 
erties as hot-rolled hafnium [19]. A comparison of the mechanical 
properties of hot- and cold-rolled strip does not reveal any significant 
difference after annealing. 

The surface finish obtained on strip by cold-rolling is suitable for 
use in control-rod applications without excessive conditioning. Sur- 
face roughness measurements taken on cold-rolled strip have shown 
its finish to be 60 to 100 pin. rms or finer, but this factor is limited 
by the condition of the rolls. A finish of this degree is suitable for 
most applications. 


Yields 


Since process losses from cold-rolling are very small, the yields for 
this process can be expected to be higher than those for hot-rolling 
where considerable loss is attributed to the oxide film and tail 
croppings. Analytical data for yields on cold-rolling are not avail- 
able, but it is estimated that 98 to 99 percent efficiency 1s obtained 
for this process. 


9.6 EXTRUSION 
Ву К. W. Tombaugh ° 


General 


Hafnium is one of the more difficult metals to extrude, a charac- 
teristic caused not by an unusually high resistance to deformation, 
but rather by its galling tendencies when in contact with the 
extrusion tool surfaces. 

Although data are not available permitting the resistance to de- 
formation to be quantitatively separated from the frictional resist- 
ance, the short die hfe experienced in the extrusion of hafnium com- 
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pared with that found for other metals which are difficult to extrude 
(uranium, uranium-molybdenum, uranium-niobium, zirconium alloys, 
and various steels) is indicative of this unusually high friction char- 
acteristic. The extrusion constant “K” of arc-melted crystal-bar 
hafnium has been determined experimentally by use of the following 
formula: | 


where 


Р =total force exerted by the extrusion press (lb) 
Ao=initial cross-sectional area of container (in.?) 
A,=final cross-sectional area of extruded shape (in.?) 
К ~extrusion constant (psi) 


It will be recognized that the foregoing formula is a simplified 
form in which the constant “К? includes all frictional resistance to 
the container and die in addition to the true resistance to deformation. 

Control rods, because they often are required to fit into a square 
or hexagonal reactor-core module, and because a large area must be 
presented to the neutron flux, usually assume a three- or four-bladed 
configuration. It would appear that such shapes could be extruded 
in a single, simple operation; however, results of efforts to date 
have been discouraging. 


Bare-Extrusion Experiments 


Both arc-melted sponge hafnium and arc-melted crystal-bar haf- 
nium have been extruded bare by Halapatz [15, 20] into a cruciform 
shape. The billets for these extrusions were heated in 85 percent 
ВаС]. + 15 percent NaCl salt bath at 2,000° F (see Sec. 5.3) and 
extruded with a 500-ton horizontal press in a 2.600-inch container 
through a 45° approach die. The dies were made of hot-work die 
steel with no special facing. The cruciform shape shown in Fig- 
ure 5.10 had an extrusion (area reduction) ratio of 8.33 to 1. Pow- 
dered lead in oil was used as a lubricant in addition to the molten 
salt adhering to the billet. Тһе arc-melted sponge hafnium extruded 


1.500 
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0.250 В. 
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FicureE 5.10. Cruciform Shape Used in Extrusion Experiments. 
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through the die but distorted and crumbled. The appearance was 
believed to indicate hot shortness, and it was suspected that the 
presence of iron (0.3 percent) in the ingot may have resulted in the 
formation of a low melting phase. This single sponge billet damaged 
the die beyond use. Extrusion of the arc-melted crystal bar hafnium 
was complete and free of tears and cracks, although the surface 
was rough (Fig. 5.11) and there was some die scoring. 

A pressure-temperature relation [21] for the extrusion of bare, 
arc-melted, crystal-bar hafnium billets indicated the preferred ex- 
trusion temperatures. This experiment differed from the earlier 
work [20] in that it employed 34-inch diameter, round dies; short, 
mild-steel billets preceding the hafnium; and MoS; added to the lead 
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ЕтсокЕ 5.11. Arc-Cast Crystal Bar Hafnium Extrusion. 
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Fieure 5.12. Cruciform Shape Used in Extrusion Experiments. 


lubricant. Additional experiments were performed by Tombaugh 
[22] using a more difficult cruciform die (Fig. 5.12) with an extru- 
sion ratio of 16.8 to 1, using the MoS + Pb lubricant with salt-bath 
heating. А 1,250-ton horizontal press with a 4-inch diameter con- 
tainer was used; however, because of limited loading, the unit pres- 
sure available was less than that used in the preceding experiments. 
The first two billets heated to 1,900 and 1,950° F, using a cone-face 
die, stalled in the press. A third billet, using a flat-face die, was 
tried at 2,200° F and also failed to extrude. A fourth billet was 
preceded by a copper-nickel starting billet. Both the starting billet 
and the hafnium billet were heated to 2,200° F, then extruded in 
tandem through a cone-face die. This arrangement resulted in 25 
percent of the hafnium billet extruding with no cracking or tearing, 
although striations were present. The press stalled before the billet 
could be completely extruded. 


Performance Analysis 


The temperature-versus-extrusion constant curve shown in Figure 
5.13 is the result of extruding seven billets. The numbering of the 
points indicates order in which the billets were extruded through 
34-inch diameter, round dies [21]. The chart suggests а diminish- 
ing advantage in increasing the temperature above 2,000° F. This 
is probably due to a breakdown of lubricants since there are no phase 
changes in this range. The early [20] cruciform extrusion (Fig. 
5.10) yielded a “K” constant of 74,500 psi at 2,000° F, which devi- 
ates considerably from Figure 5.18. This is hardly surprising іп 
view of differences in shape, lubricant, and starting material in- 
volved. In comparing the author’s work [22] with the round rod 
experiment [21], conditions were comparable except for the shape 
(Fig. 5.12). The “K” constant of the extrusion at 9,2009 F was 
54,800 psi which, if extrapolated on Figure 5.13, is quite in agree- 
ment. This indicates that the penalty for extruding intricate shapes 
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FIGURE 5.13. The Relation of Extrusion Constant to Temperature. 


cannot be great, but more importance is attached to the type of 
lubricant used and the employment of a starting billet of another 
material. The material of the starting billet must have a somewhat 
lower “К?” constant than the objective material in order to reduce 
the starting peak pressure of the objective material. 

Although the experience mentioned has shown no great differences 
in pressure requirements for simple and intricate shapes, there are 
other serious problems such as tearing or cracking, striations, dis- 
tortion, and short tool life, which are largely dependent on the shape. 
Often, because of limitations in an available extrusion press, or be- 
cause of scarcity of material, scaled-down shape models are em- 
ployed. Such a practice, however, can be misleading. A well-known 
criterion for measuring the extrusion penalties of various shapes is 
the “factor” system. The factor is derived by dividing the perim- 
eter of the shapes in inches by the cross-sectional area in square 
inches. Thus, a shape such as a cruciform in two different sizes 
can have the same thickness-to-span ratio, yet have different factors. 
The smaller the proportioned shape, the higher the factor, and con- 
sequently, it is considered to be more difficult to extrude. Thus, 
poor results on a scaled-down shape cannot be conclusive in under- 
standing the extrusion of a full-sized shape. 

The “K” constant for the extrusion of the bare hafnium sponge 
in the single case mentioned was 88,700 psi which is impractically 
high. The galling of unconsolidated or unmelted sponge is even 
higher than that of the arc-melted bar, and the abrasive effects upon 
the die and container present an acute tooling problem. In using 
an extrusion press for experimentally compacting hafnium sponge 
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it was found that, during the compacting against a blank die and 
during the removal of the compact, the abrasion in the container 
was severe enough to force discontinuance of the practice [23]. 


Recommended Conditions 


Hafnium, having an unusually high “K” constant, should be ex- 
truded under maximum unit pressure conditions within the con- 
tainer. This is accomplished by selecting a container size such that 
the stem is fully loaded. Stem material, length, hardness, ‘frequency 
of loading, and safety rules place this maximum at 150,000 to 200,000 
psi. 

Die materials should probably be restricted to high-speed steels or 
sintered products. Chromium-plated tool surfaces should be avoided 
because there are indications that hafnium, like zirconium, alloys 
with chromium during hot extrusion, thereby “loading up” the die 
and causing striations on the product. 

Effective lubrication is a field needing further exploration. Ап- 
other possible field of investigation is to seek satisfactory materials 
with which to jacket hafnium during extrusion. А satisfactory 
jacket could greatly lower the required pressure since, as has been 
pointed out, a great share of the extrusion “K” constant is attrib- 
utable to friction. 


Rod and Wire Fabrication ® 


The similarity between iodide zirconium and iodide hafnium be- 
comes quite evident in the fabrication of rod and wire. Rods have 
been hot-rolled commercially for use as wire-drawing stock. These 
have been made by forging a 4-inch diameter ingot to a 114-inch 
square with rounded corners, followed by hot-groove rolling at 1,800° 
F to %¢-inch round. Each pass in groove-rolling is an oval except 
the final one. The %,-inch diameter rod is then sandblasted and 
pickled in preparation for a copper electro-deposit. After the rods 
are copper plated, they are given three baked-lime coatings. The 
copper and lime serve as lubricants in wire-drawing. Drawing is 
accomplished by taking individual drafts of 10 to 20 percent and 
annealing at 1,400° F for 10 minutes after each 35 percent total 
reduction. Various phosphate coatings developed for drawing zir- 
conium and zirconium-alloy wire have also been found to be suitable 
for drawing iodide hafnium wire. 

Hot-rolled rods can be cold-drawn or swaged by the same proce- 
dure as is used for wire-drawing; namely, 10 to 20 percent indi- 
vidual reductions with intermediate anneals at 1,400° F for 10 min- 
utes after each 35 percent total reduction. The lubricants for cold- 
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drawing are similar to those used for wire-drawing. Swaging does 
not require lubrication. 


5.7 JOINING OF HAFNIUM 
Ву Е.Н. Sayell *° 


Introduction 


The utilization of hafnium as a control material for nuclear re- 
actors usually requires that special shapes be fabricated, a typical 
example of which is shown schematically in Figure 5.14. Welding 
is the only successful method of fabrication developed for these 
shapes. Because of the scarcity of hafnium, only that part of the 
control rod which actually serves a neutron-absorbing function is 
made of hafnium. An upper extension, identified as an “adaptor 
plate” in Figure 5.14, is made of Zircaloy-2. This, for mechanical 





ZIRCALOY —2 ADAPTOR 
2 ZIRCALOY —2 ADAPTOR PLATE (T in.) 

3 HAFNIUM 

4 ZIRCALOY -2 EXTENSION 

5 ZIRCALOY —2 WELD TAB 

6 HAFNIUM WELD TAB 

FIrcure 5.14. Schematic Representation of a Typical Control Rod Showing Loca- 


tion of Hafnium Section and Zircaloy-2 Section апа Welds ; Weld Tab Locations 
Are Indicated in the Upper Sketch. 


10 Westinghouse Atomic Power Division. 
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and hydraulic purposes, retains the cruciform shape and serves to 
connect the contro] rod to cylindrical rods which are in turn con- 
nected to the control-rod actuating mechanisms. At the bottom end 
of the hafnium section there is sometimes attached a Zircaloy-2 ex- 
tension for the purpose of minimizing flux peaking which occurs 
when the control rod is raised during reactor operation. Thus, both 
hafnium-to-hafnium, and hafnium-to-Zircaloy-2 welds are required 
to fabricate a typical control rod. 

The welds required are shown by the heavy lines in Figure 5.14. 
Since the total length of the rod may be as great as 1014 feet, and 
the maximum permissible deviation from straightness 15 145 inch, it 
is clear that distortion in welding must be well controlled. In addi- 
tion, sound, uncontaminated welds must be made in order to. meet 
the strength and corrosion resistance requirements imposed by the 
conditions of service. 

The welding procedures described here were largely developed at 
Bettis Plant. While the procedures were determined for a limited 
range of shapes and sizes, it appears that they can be adapted to 
other situations with ease. 


Tack Welding 


Preparatory to fusion welding, tack welding is employed to posi- 
tion the components accurately. Exercise of proper precautions dur- 
ing tack welding saves subsequent tedious straightening. Special 
fixtures are utilized to align the components for butt and shape 
welding. 

Tack welding is usually done in air to minimize assembly-fixture 
design problems. Тһе tack welds are generally spaced 3 to 4 inches 
apart and are approximately 14 inch long. The welding parameters 
in common use for hafnium and Zircaloy about 14 inch thick are 
125 to 135 amps at 14 to 18 volts. 

Tack welds made in air are brittle even though a 20 to 25 cubic 
feet per minute argon flow is maintained over the weld area. During 
subsequent fusion or seam welding, the contaminants from the air 
welding are sufficiently diluted that no hard or corrodible spots 
remain. During fusion welding, the tacked areas cause the arc to 
wander and the molten pool to flow unevenly; consequently, the 
number of tacks should be kept to à minimum. 


Fusion Welding 


Because of its reactivity with the elements of the atmosphere, 
hafnium must be isolated during welding operations to insure duc- 
tile, corrosion-resistant welds. This is accomplished by means of 
inert-atmosphere welding chambers which are equipped with suit- 
able fixtures [26]. 
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Before the welding chamber is closed and evacuated, the work 
should be accurately positioned under the electrode, and the controls 
and mechanisms should be activated to insure proper functioning 
and alignment: of the work. The use of hand welds should be 
avoided on long joints because of the limited work area available to 
the operator and the fact that temperature and pressure build-up 
within the welding chamber make hand operations difficult. The 
welding chamber should be evacuated to about 10* mm Hg, then 
back-filled with helium or argon to about one atmosphere pressure. 
The pump-down time required for evacuation is dependent upon the 
leak rate of the chamber, pumping equipment capacity, and cleanli- 
ness of the fixtures and parts. Supplementary details of welding 
chambers may be found in Reference 4. 

A thoriated tungsten electrode is positioned over welding tabs 
tacked to the components to prevent melting over the edge of the 
parts being welded. Each welding pass is started and finished on 
a welding tab. Welding conditions for butt welds in 14-inch thick 
hafnium, hafnium plate, or hafnium-Zircaloy plate are approxi- 
mately 220 amp at 16 volts with an arc travel of 634 inches per 
minute. Both sides of a butt joint must be fused to insure complete 
penetration. 

Since hafnium has a higher melting point than Zircaloy-2, a butt- 
welded joint between these two materials is made by positioning the 
electrode on the hafnium side 152 to Ив inch away from the Zircaloy- 
hafnium interface. It is evident that a pass made directly over the 
joint would melt more Zircaloy into the weld alloy since the Zircaloy 
melts at a temperature approximately 1,000° F lower than hafnium. 
To counteract this melting point differential, the electrode is posi- 
tioned on the hafnium side of the joint, and a thin Zircaloy strip is 
tacked parallel to the seam, on the Zircaloy side, to serve as filler 
material and to prevent undercutting the Zircaloy plate. The opti- 
mum electrode distance concentrates the heat on the hafnium, reduces 
the possibility of Zircaloy burnthrough, and produces 100 percent 
penetration. 

Weld penetration is measured by affixing hafnium and Zircaloy 
weld runout tabs of the same thickness as the pieces being joined 
to both ends of the butt joint. After welding, these tabs are re- 
moved, polished, etched or heat tinted, and examined at 4X minimum 
magnification. This method has been substituted for radiographic 
inspection since film density variations, caused by material density 
differential and varying degrees of alloying between these metals, 
result. in misleading evaluations of the welds. A standard for haf- 
nium-Zircaloy butt-weld penetration has been used which considers 
а butt-welded joint 100 percent penetrated if the hafnium has been 
completely washed with molten Zircaloy-2 for the entire length of 
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FIGURE 5.15. Butt Weld Standards for 100 Percent Penetration (Hafnium Is at 
Left): (а) and (b) Are Acceptable; (с) and (4) Are Unacceptable; 5X. 


4 


, 
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the weld. This standard, therefore, allows a portion of the hafnium 
to remain unmelted provided it has been completely contacted by 
molten Zircaloy-2 throughout the joint interface. The limits of ac- 
ceptability of the butt-welded joints are shown in Figure 5.15. 
Figure 5.15 (A) and (B) show the hafnium interface (dark mate- 
rial on left side of macrographs) to be completely surrounded by 
weld alloy. Figure 5.15 (C) and (D) display welds in which the 
Zircaloy material failed to become molten across the entire thickness 
of the joint and, thus, fail to meet the 100 percent penetration re- 
quirement for acceptable butt welds. 

The thickness of unmelted hafnium was measured at the hafnium- 
Zircaloy weld interface of tensile test specimens meeting the 100 per- 
cent penetration criterion. This thickness was then recorded as a 
percentage of the total specimen thickness. The corresponding ten- 
sile test data were recorded for various degrees of unmelted hafnium 
in the welded joint. These data, obtained by Sayell and heretofore 
unpublished, are presented in Table 5.5. 


TaBLE 5.5—TENSILE PROPERTIES OF HAFNIUM-ZIRCALOY-2 BUTT 
WELDS AS A FUNCTION OF THE DEGREE OF UNMELTED HAF 
NIUM IN THE WELD 


0.2% yield Ultimate 


Percent unmelted hafnium Test tem- strength tensile Elongation in | Reduction in 
at joint interface ! perature (° Е.) (psi) strength 2in. (%) area (%) 
(psi) 
2A; АК Тн Room 33, 700 59, 500 10 25 
DÜ салса алыса Room 43, 800 60, 900 10 23 
OU eh ыы с аа; Room 32, 600 62, 100 10 20 
hi э ee КЕК Ae д Room 31, 300 67, 200 40 21 
90.5 sss ыш. Коот 42, 700 62, 100 10 20 
DR — 500 19, 700 36, 800 28 61 
зба АТАП Абы 500 27, 500 38, 500 (2) 56 


АЭ шеше 500 25, 400 35, 300 (2) 56 


1 Percent of the thickness of unmelted hafnium relative to over-all plate thickness. 
2 Specimen broke near gauge mark. True elongation unobtainable. 
The results indicate that the tensile properties of welds 100 per- 
cent penetrated are unaffected by the amount of unmelted hafnium. 


Precautions To Be Observed During Welding 


The following list summarizes the precautions which must be 
observed to insure satisfactory welds: 
(a) Clean and degrease the welding chamber, all components, and 
fixtures. 
(b) Ensure that the leak rates of the welding chamber and vacuum 
system are minimized. 
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(c) Start and stop welds on runout tabs to avoid edge melt-down. 

(а) Use automatic controls and drive mechanisms wherever possible 
to reduce arc wander and variations of weld penetration. 

(e) Avoid touching the thoriated tungsten electrode to the work 
since this will cause sufficient contamination to adversely affect 
corrosion resistance. 

(f) Avoid sustained use of any one electrode since a low-melting 
eutectic of tungsten and hafnium (or Zircaloy) can form on it, 
drop into the molten pool, and contaminate the weld. 

(g) Use welding-grade helium which contains about 0.05 volume 
percent of impurities and argon containing about 0.2 volume 
percent impurities. 


Mechanical Properties of Hafnium-Zircaloy-2 Butt Welds 


Impact Properties 


The impact (unnotched) properties of Zircaloy-hafnium butt- 
welded specimens were determined as a function of testing tempera- 
ture by Hoge [24]. In these specimens, the weld was made with the 
electrode positioned directly over the butt joint.- The results are 
shown in Table 5.6 together with the impact properties of the com- 
ponent materials. 


TABLE 5.0—IMPACT VALUES OF HAFNIUM [2] AND HAFNIUM-ZIR- 
CALOY-2 BUTT WELDS [24] 


Impact values (ft-lb) 


Material 
Room 200° F 400° F 500° F 
temperature 
Zircaloy-2 АС, 1,800° Е_____________. 19 26. 5 34. 5 1 52. 5 
Zircaloy-2 AC, 1,490° F_____________- 23 42 1 67 1 62 
Zircaloy-2 WQ, 1,800° Е_____________. 31.5 36.5 | 171.5 1 68. 5 
Zircaloy-2 CW_______________-_-_--.- 10. 5 44 1 67 1 63 
Crystal-bar zirconium _____-_-----_--- 1 37 135 1 30 1 28 
Crystal-bar hafnium. ................ 176.5 | 174 1 67 1 62 
Induction-melted commercial Zircaloy-2_| 23-31. 5 41 1 62 159 
Weld Samples 

Zircaloy-2-hafnium, AC, 1,800° F_____- 30 31 56 157 
Zircaloy-2-hafnium, AC, 1,490? Е_____. 30 33. 5 47 1 46. 5 
Zircaloy-2-hafnium, WQ, 1,800? Е____- 33 47 24 159 
Zircaloy-2-hafnium, СМ... 14. 5 34. 5 11.5 1 65 





1 Specimen did not break. 


Note: АС = Air cooled from temperature indicated. 
WQ Water quenched from temperature indicated. 
CW = Cold worked. 
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Hoge [24] comments that 400° F was necessary to prevent the 
Zircaloy-2 structures from failing by fracture. As can be seen from 
Table 5.6, the room-temperature impact values of welded specimens 
are usually higher than for the base materials, but a temperature of 
500° F is required to avoid fracture in the welded specimens. A 
welded specimen has approximately the same impact values as 
Zircaloy-2 at 500° F, and, if properly made, fracture will occur in 
the Zircaloy. 


Tensile Properties 


Hoge [25] also performed tensile experiments on hafnium- 
Zircaloy-2 welds made with the electrode directly over the joint. 
The tensile data are recorded in Table 5.7 (also see Chap. 7). No 
heat treatment or stress-relief treatments were given to any of the 
specimens after welding. Values for unwelded hafnium and 
Zircaloy-2 specimens are compared with the values obtained on 
welded specimens in Figures 5.16 and 5.17. 


ZIRCALOY-2 HAFNIUM WELD 


ZIRCALOY-2 В -QUENCHED, a- 
ANNEALED 


ZIRCALOY-2 а -ANNEALED 
HAFNIUM a-ANNEALED 


ULTIMATE TENSILE STRENGTH, 1000 psi 





(e) 100 200 300 400 500 600 
TEMPERATURE, °F 


FIGuRE 5.16. Ultimate Strength of Hafnium-Zircaloy-2 Welds as a Function of 
Temperature. 
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0.2% YIELD STRENGTH, 1000 psi 


TEMPERATURE, °F 


ZIRCALOY-2 HAFNIUM WELD 


ZIRCALOY-2 В-ОМЕМСНЕО,а- 


ANNEALED 


ZIRCALOY-2 а-АММЕАСЕО 
HAFNIUM a-ANNEALED 





500 
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600 


FiQicuRE 5.17. Тһе 0.2 Percent Yield Strength of Hafnium-Zircaloy-2 Welds as a 


Function of Temperature. 


TABLE 5.7—TENSILE TEST DATA FOR ZIRCALOY-2-HAFNIUM WELD 


SPECIMENS [25] 


0.2 percent 


yield 
strength 
(psi) 


Ultimate 
tensile 
strength 
(psi) 


Uniform 
strain (%) 


Elongation in 


2in. (%) 


а А |: | | ES |——— 


Specimen Test tem- 

perature 
qub. cov onis Room 
ОЕ қ ың Room 
ВЕ 200 
ИЕ 200 
то 400 
ЕЕ 400 
1/Қазвадавыды 500 
NC E 500 





1 Specimens 1 and 7 were loaded above the yield point before the autographic record was started. 
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(B) 


Кісове 5.18. Zircaloy-Hafnium Welds Showing Effect of Position of Weld Pass 
with Respect to Original Butt Seam on Weld Bead Configuration: (а) Electrode 
On-Seam ; (b) Electrode 146-145» In. оп Hafnium Side of Seam. 


Hoge concluded that the welds were as strong as the component 
parts at room temperature. At room temperature, the specimens 
necked down and fractured in the hafnium side of the weld. At 
200° F there was no necking, but the specimens still broke in the 
hafnium. At 400 and 500° F, however, fracture occurred in the 
Zircaloy-2 side of the weld. 

Hoge’s work on hafnium-Zircaloy-2 welds suggested that stronger 
welds might be realized at 400 to 500° F if the amount of hafnium 
in the weld alloy could be increased. This can be accomplished by 
directing the arc on the hafnium side of the joint. The effect of 
welding 342 inch off the joint on the weld bead configuration is illus- 
trated in Figure 5.18. The tensile properties of welded specimens are 
presented in Table 5.8 as a function of the distance between the butt 
seam and the line of electrode travel. It is seen that only a moderate 
increase in yield strength is realized in the as-welded specimens by 
off-setting the weld bead. The major advantage of off-setting ap- 
pears to be that of minimizing undercutting of the Zircaloy side of 
the weld. Hafnium-Zircaloy-2 welds are normally made Ив to 32 
inch on the hafnium side of the seam. 


Joint Design 


The typical weld path along the length of a control rod is indi- 
cated by the heavy dark lines in Figure 5.14. Тһе path is not 
exactly straight, as the arc attempts to maintain constant voltage 


OE, ee it? ——- 


— 
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Tarte 5.8—ROOM TEMPERATURE MECHANICAL PROPERTIES OF 
HAFNIUM-ZIRCALOY-2 BUTT WELDS 


0.2 percent Tensile Total (%) 
Weld position yield strength strength elongation R.A. (%) 
(Ж 1000 psi) (X 1000 psi) 


— ————— | ————— | —— | ————— 


On seam ic. аа [es ERE 75. 0 5 9 
142 in. on hafnium side!. ......... 53. 8 76. 8 9 2 
Ив in. on hafnium side!_______- 55. ( 78.7 9 9 
342 in. on hafnium 314е1.______- 58. 4 77.9 9 5 
\2 in. on hafnium side ?_______- 19. 4 56. 5 12 23 
142 in. on hafnium side ?________ 20. 7 57. 7 12 25 


1 Specimens tested as welded and machined (160 amps, 16 volts, 684 in./min). 
3 Specimens tested after anncaling at 1,700° F for 15 min (160 amps, 16 volts, 6% in./min). 


by holding a constant arc length. Thus, any plate waviness, dis- 
tortion during welding, or misalignment during tacking or machin- 
ing causes the arc to wander. This difficulty is largely overcome by 
using two passes. The first pass smoothes out the discontinuities 
and produces slight penetration; the second pass deepens the pene- 
tration and smoothes out the initial irregular pass. A joint design 
for two-pass welding is illustrated in Figure 5.19. An indication of 
the strength and ductility of this type of weld has been demonstrated 
by applying a load across the blades and noting that the blade will 
break above the weld only after approximately 12,500 lb has been 
applied to a 2-inch long section. 

When the joint is designed as illustrated in Figure 5.20, the edge 
labelled *B" guides the arc, and only one welding pass need be 
made. However, the root radius will be approximately 14 inch 
compared with the 545- to 7455-inch radius experienced in the pre- 
viously described design because of the extra material in the T 
section. Such a control-rod section can be pressed flat without frac- 
ture in the joint. 
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Ficure 5.19. А Two-Pass Welding Joint Design for Fabricating Cruciform 
Shapes: (а) Component Design; (b) Weld Position; (c) Crush Test. 
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Ficure 5.20. A Single-Pass Welding Joint Design for Fabricating Cruciform 
Shapes: (а) Component Design; (b) Weld Position; (c) Crush Test. 
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Corrosion Resistance of Welds 


When components are properly prepared for welding and correct 
procedures are carefully followed, there is every reason to expect a 
product resistant to corrosion in high? temperature water. It 15 for- 
tunate that all hafnium-zirconium alloys exhibit satisfactory cor- 
rosion rates in both steam and hot water. Small quantities of 
tungsten or nitrogen can enter into the weld pool and destroy the 
otherwise good corrosion-resisting properties of the weld alloy. 

One type of corrosion is illustrated in Figure 5.21 as a thin line of 


0.222 IN. 


Hf AND ZIRCALOY , Hf — Hf 
WELD ALLOY | THICKNESS FILLET WELD 
— VE | | 





BUTT WELD NSLIGHT COINED RUBBING 
Hf — ZIRCALOY CORROSION PRODUCT SHOES 


FicuRE 5.21. Corrosion Product at Butt Joint. 


corrosion product at the butt joint. This corrosion product is the 
result of insufficient cleaning prior to welding and serves to empha- 
size the need for faultless cleaning and handling techniques. 


Special Applications 


Control-rod blades are generally provided with rubbing shoes 
which are intended to center the control rod in its channel. Since 
radioactive wear products from these rubbing shoes may be released 
into the reactor coolant, it is desirable to use & material which 
minimizes this tendency. For this reason, Zircaloy has been employed 
as a rubbing-shoe material. Тһе rubbing shoes cannot be mechan- 
ically attached to the control rod because they might become de- 
tached during the movement of the rod. Also, if shoes made of 
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Zircaloy-2 or any other material with a low cross section were 
threaded through the control rod, a “neutron window” would be 
formed; i.e., if a small hole through the hafnium plate were filled 
with a material of low cross section, neutrons otherwise stopped by 
the hafnium could pass through. Therefore, welding techniques 
have been established for attaching Zircaloy-2 rubbing shoes to 
hafnium control rods. One effective welding method is a “puddling” 
technique. 

The hafnium plates (0.2 to 0.3 inch thick) are prepared for the 
puddling operation by drilling 0.010-inch deep impressions directly 
opposite each other on both sides of the plate. After cleaning and 
degreasing, the plates are loaded into an inert-atmosphere welding 
box having a slightly positive pressure. А 114-inch thick copper 
plate, drilled and chamfered to expose the drilled impressions in 
the hafnium plate, is clamped on each side of the plate to carry 
away the heat developed during the subsequent welding and to 
prevent distortion. A tungsten hand torch is used to strike an arc 
at the periphery of an impression at 90 to 100 amp and 16 volts. 
When a hafnium puddle appears, a 0.125- x 0.050-inch Zircaloy-2 
strip or wire is fed into the pool. As soon as the puddling has been 
completed around the circumference of the impression, the current 
is raised to 100 to 110 amp, with the 16 volts remaining constant. 
The process is completed by continuing with a spiral movement 
toward the center of the impression. The plate is turned over, 
and the opposite side is given the same puddling treatment. The 
plate is then turned over again, and another Zircaloy layer is added 
to the first. This process is continued, using a 10-minute cooling 
time between passes until a shoe 394g inch high and 1% inches in 
diameter has been formed. The plates are allowed to cool, removed 
from the welding box and fixture, and straightened before the shoes 
are rough-machined and X-rayed. Prior to subsequent machining 
operations, the plates are vacuum-annealed 1 hour at 700° F for 
stress relief. 

Samples taken from the finish-machined rubbing shoe contain ap- 
proximately 16 w/o hafnium in the first 0.00 to 0.020 inch out from 
the surface of the hafnium plate. The hafnium content further 
decreases to about 13 w/o hafnium and 7 w/o hafnium at 0.020 to 
0.080 inch, and 0.080 to 0.040 inch, respectively, from the plate 
surface. 

Another method used to attach Zircaloy-2 rubbing shoes to the 
hafnium blades employs a resistance-welding technique. Zircaloy-2 
buttons, positioned opposite each other on both sides of the hafnium 
plate, are resistance-welded in place. The buttons used are 34 inch 
in diameter by % inch thick, with a rounded surface (2-inch radius) 

519561 0—60— —18 
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on one side. The flat side of the button conforms to the surface of 
the resistance die, and the rounded surface provides a small initial 
point of contact between the button and the plate. The rounded 
surface promotes a direct bond from center to edge of the button, 
and allows slight machining errors without lowering the quality of 
the bond. 

A large heat input is necessary, because the hafnium plate rapidly 
conducts the heat away from the source. As a result, pulsation, 
cooling and heating cycles, and forging variations must be carefully 
controlled to accomplish a fusion of the metals before the Zircaloy-2 
button reaches its melting temperature. Figure 5.22 shows how a 
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FIGURE 5.22. Cross Section of Zircaloy-2 Shoes Resistance-Welded to Hafnium. 


Zircaloy-2 button is forged into the surface of the plate, causing a 
displacement of hafnium. This surface distortion is removed by 
machining after welding. Тһе process must be closely controlled 
so that no internal contact between the two buttons occurs. If there 
is a point of contact, a neutron window will be formed. Figure 
5.93 illustrates the metallurgical bond formed between Zircaloy-2 
and hafnium in a typical resistance-welded rubbing shoe. An 
alternate type of rubbing shoe made by a coining operation on the 
hafnium portion of the rod is shown in Figure 5.21. 

Joining of hafnium to titanium or zirconium may be accomplished 
by roll-bonding techniques [27]. Hafnium-titanium samples roll- 
bonded at temperatures ranging from 1,550 to 1,950? F to a total 
reduction of 67 percent (10 to 20 percent per pass) exhibit complete 
metallurgical bonding but fail at the bond line when subjected to 
& 90? bend test. Hafnium-Zircaloy-2 samples roll-bonded at tem- 
peratures of 1,550 and 1,750? F to a total reduction of 67 and 75 
percent, respectively, exhibit apparent metallurgical bonding and 
satisfactorily withstand a 90? bend test but show bond failure when 
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Кіссве 5.23 Hafnium-Zircaloy-2 Bond Taken from Sample Illustrated іп 
Figure 5.22. 


separation is attempted by a chisel test. It is believed that more 
suitable roll-bonded joints could be achieved by utilizing higher 
reductions, higher rolling temperatures, or by annealing after roll 
bonding. 


5.8 MACHINING ОҒ HAFNIUM 
By Н. B. Hunter " 


General 


Machined shapes of hafnium are easily obtainable using any of the 
conventional machine tools. Limited data pertaining to the machin- 
ing of this metal indicate that its machining properties are similar 
to those of zirconium and its alloys. Some of the characteristics 
of both materials are as follows: 

(a) High rate of work hardening. 

(6) Tendency of material to gall and build up on the cutting edge. 

(c) Ругорһогіс properties create a fire hazard during machining 
operations. 
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(4) Abrasiveness of material, particularly the oxide, promotes tool 
wear. 

To overcome these difficulties there are several actions which can 
be taken. Work hardening of the machined surface can be mini- 
mized by setting the depth of cut at 0.003 inch or greater and using 
sharp tools. At this depth the tip of the tool is cutting below the 
level of the layer of metal which was work hardened by the previous 
cut. [4] With a good clean cut, it is possible to maintain a 
corrosion-resistant surface comparable to a machined апа pickled 
surface. This is an important point in that it permits, where close 
tolerances are required on finished parts, machining to final dimen- 
sions rather than pickling. 

The tendency of material to build up on the cutting edge can also 
be minimized by frequent sharpening of the tool. It has been found 
that the use of carbide cutters gives a tool life of 10 to 20 times 
that of high-speed steel cutters. The use of water-soluble coolants 
has proved successful in producing good finishes and tool lives com- 
parable to those obtained in the machining of stainless steel. Іп the 
face milling of hafnium plates experience has shown that a carbide- 
tipped shell cutter (Figure 5.24) can be used to mill 5,000 square 
inches to a depth of 0.020 inch before the cutter has to be sharpened. 
Machined surfaces of 63 шп. rms or better are easily obtained if 
proper tool design and machining parameters are used. 

Hafnium, like zirconium, when in a finely divided state such as 
fine machine chips, burns with intense heat when ignited. How- 
ever, with the knowledge that the hazard does exist, precautions 
can be taken to enable the metal to be processed without danger to 
the operator, piece, or machine. It is strongly recommended that a 
coolant be directed at the chip-cutter interface. Chips should not 
be allowed to accumulate in the bed of the machine. Тһе machine 
operator should continually remove the chips, particularly those 
under the cut, and store them in a closed container in order to 
minimize the fire hazard. Safe handling is discussed in detail in 
Appendix B of this volume. 

The abrasive action of hafnium, and particularly of its oxide, 
decreases cutter life. Because of the cost and difficulty of reclaim- 
ing machine chips, minimum allowances are usually made on machin- 
ing stock. This often results in decreased tool life because the uneven 
surface of the stock frequently causes the cutter to emerge from the 
metal and reimpinge on the oxide-contaminated surface. Removal 
of the oxide by sandblasting will improve tool life if the part has 
been previously hot worked. When high production can offset the 
increased cost, carbide-tipped cutters are recommended. Before con- 
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FIGurRE 5.24. Milling Cutter and Plate Mounted on Vacuum Chuck. 


sidering specific machining operations, a few generalities should be 
noted : 


(a) It has been found that the weld structure (beta-quenched) of 
hafnium machines the same as the wrought structure. The same 
is true of a fusion-weld joint between Zircaloy-2 and hafnium. 

(6) Tungsten inclusions resulting from the melting and welding 
techniques used present some machining problems, particularly 
in slab milling. The inclusion destroys the cutting edge of the 
tool. Furthermore, the collision of the cutter with the inclusion 
may cause a spark which may ignite machining chips. 

(c) To minimize the allowance for machining stock, the part should 
be straightened by pressing and detwisting. As an example, 
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hafnium plates 50 inches long and 5 inches wide can be ma- 
chined to thickness (total cleanup) by allowing only 0.010 inch 
per side. Straightening, in some instances, can be simplified by 
heating the part to approximately 500° F. 

(4) As is true in the machining of all materials, proper support 
under the cutter is imperative if close tolerances are to be main- 
tained. Vacuum chucks, air and mechanical clamps, and low- 


melting alloys such as “Cerro-low” cast around the part have 
been used with success. 


Figures 5.24 and 5.25 illustrate the chucking techniques. 
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FIGURE 5.25. Vacuum Chuck for Face Milling Hafnium Plate. 
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Before a discussion of the various conventional machining tech- 
niques, it must be emphasized that the recommendations presented 
should be used only as guides because the low volume of production 
activity has restricted experimental machining. 


Milling 


Hafnium has been successfully machined using slab- and face- 
milling techniques. Of the two, the latter is recommended, mainly 
because it allows for the convenient use of carbide-tipped cutters. 
Any grade of carbide suitable for the machining of aluminum can 
be used for hafnium. А typical cutter design is shown in Figure 
5.26. | 
ANGLES АМО RAKES SHOWN ARE GROUND 
AFTER BLADE INSERTION IN TOOL 


HOLDER ANO REPRESENT FINISHED 
DIMENSIONS AS MOUNTEO 


CARBIDE INSERT GRADE K-8 OR EQUAL 


NOTE 
BLADE 15 MOUNTED IN HOLOER WITH 
А 159 POSITIVE RACIAL RAKE АМО 
A 159 POSITIVE AXIAL RAKE 





` Freure 5.26. Face Mill Cutting Blade Rake and Angles for Machining Hafnium. 


Milling speeds between 100 and 200 surface feet per minute, with 
a feed of 2 to 3 inches per minute, and cutting depths of 0.005 to 
0.030 inch have been used successfully in producing a finish of 
63 pin. rms or better. Heavier cuts and faster speeds could be used; 
however, the fire hazard increases as the chip temperature increases. 

One of the main disadvantages of slab-milling is the damage to the 
work when a cutting edge is chipped by a tungsten inclusion. When 
this occurs, a scarred surface appears on the piece from the point of 
the inclusion to the end of the cut. If slab milling has to be per- 
formed and there are a large number of pieces, the use of carbide- 
tipped slab-milling cutters may be warranted. These would prob- 
ably prove successful, as they have in the machining of zirconium 
and Zircaloy. Their advantage is appreciably longer tool life than 
that obtained from tool-steel cutters. If slabbing is required, climb- 
milling is preferred in that it minimizes the work-hardening effect 
and gives longer tool life. 

The use of the conventional end mills has been proven satisfactory. 
Frequent sharpening is required for best results. 
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Turning and Boring 


Most of the information on the machining of hafnium deals with 
milling operations. However, there is little doubt that turning and 
boring could be successfully performed using machining parameters 
suitable for zirconium. 


Operation SFM Feed (1n./revolu tion) 
Turning. .............- 100 to 150--------- 0.005 to 0.015 
Boring. --------------- 40 to 80----------- 0.005 to 0.010 


Miscellaneous Operations 


Miscellaneous operations such as drilling and tapping are easily 
performed on hafnium using standard techniques and equipment. 
А drilling speed of approximately 50 SFM at a feed of 0.005 inch per 
revolution is recommended. 

Shearing of hafnium up to 14-inch thickness has been accomplished 
with limited success. At room temperature, shattering of the sheared 
edge is prevalent, particularly in the direction of rolling. This can 
be minimized by shearing at a slightly elevated temperature (ap- 
proximately 500° F). A blade clearance of 0.008 inch for 14-inch 
thickness has been used. 

Band sawing of hafnium (14 inch thick) has also presented prob- 
lems because of its abrasive property. While the sawing of zirconium 
has been successful using blades with 10 teeth per inch at slow 
speeds, it has not been satisfactorily done with hafnium. Because of 
this difficulty, slitting saws on milling machines and abrasive cut-off 
wheels (Crystolon abrasive, 120-grit, rubber-bonded) have been used 
to better advantage. With the cut-off wheel, it must be remembered 
that the sludge presents a fire hazard and should be treated accord- 
ingly. Even though the particles of metal are probably oxidized 
during the cut and the sludge is moist, there is always a possibility 
that finely-divided hafnium powder, which is easily ignited, is 
being dispersed. 


5.9 PICKLING OF HAFNIUM 
Ву S. Kass? 


General 


The excellent resistance of hafnium to corrosion in water and steam 
at elevated temperatures is not always evident on the surfaces of 
fabricated components without prior surface treatment and clean 
handling. А truly representative surface on good-quality material 


12 Westinghouse Atomic Power Division. 
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corrodes at a very low rate with the formation of a temper film of 
oxide, while a poor surface on the same material corrodes at a more 
rapid rate with the formation of a dull gray or loose white oxide. 
Thus, care must be exercised in surface preparation if spurious 
results are to be avoided. It should be noted that although hafnium 
behaves much like zirconium in this respect, it is less sensitive to 
surface preparation than zirconium. 

Operations such as rolling, extruding, machining, and abrading 
produce a layer of disturbed and contaminated metal at the surface. 
The affected layer exhibits more rapid corrosion rates than the bulk 
metal, but this layer may be removed readily by chemical etching. 
The amount,of surface metal which must be removed in order to 
produce a corrosion-resistant surface is dependent upon the history 
of the component. Cold rolling, hot rolling, extruding, machining, 
abrading, etc., result in varying depths. of surface contamination; 
therefore, different amounts of surface metal must be removed to 
reach unaffected metal. 

Hydrofluoric acid solutions have been used for etching hafnium; 
however, the rate of surface-metal removal] is erratic and highly 
dependent upon temperature. Often a reaction-product smut forms 
on the surfaces. For these reasons, etching is performed in modified 
fluoride baths containing nitric acid as described below. 


Pre-Etching Cleaning 


All dirt, oil, fingerprints, etc., must be completely removed from 
the surfaces prior to etching. Surface contamination such as this 
will result in nonuniform attack by the etchant. Oils, greases, and 
other surface contaminants are removed by degreasing. Trichlorethy- 
lene or perchlorethylene vapor degreasing is used to remove hydro- 
carbons, and alcohol immersion and/or wiping is used to remove 
‚ perspiration and similar contaminants. Dirt is removed by de- 
tergent washing. The components are dried by evaporation or by 
blowing with filtered, dry, compressed air. Cleaned components are 
handled with clean, lint-free, cotton gloves. The surfaces of all 
items which come in contact with cleaned components are cleaned in 
a manner equivalent to that used on the component itself. Cleaned 
components are enclosed in clean containers or wrapped in either 
heavy paper or plastic to prevent surface contamination when not 
being processed. 


Etching 


Properly etched components are bright and shiny and exhibit no 
surface irregularities. A well-etched surface has a metallographic 
finish; 1.е., the microstructure can be seen under a microscope. 
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While the terms “etching” and “pickling” have come into general 
use in connection with the process described here, it is actually a 
chemical polishing operation. The pickling bath composition and 
temperature may be varied slightly to control the rate of pickling 
as required by the complexity of the components. The components 
are generally supported on stainless steel (type 316 or 347) fixtures 
during the pickling. Fixtures coated with acid-resistant materials 
have also been successfully used. Care must be exercised in the 
design of the fixtures to minimize the stainless steel-to-hafnium 
contact in order to prevent areas of preferential etching at the contact 
points (rig marks). Prior to etching, the components are rinsed in 
tap water at the same temperature as the pickling bath to improve 
wetting action by the acid. А large ratio of etchant volume-to- 
component surface is desirable to minimize the temperature rise of 
the bath due to the exothermic reaction. Pickling at too-high tem- 
peratures often results in pitting and blistering. The components 
and the etchant should be agitated throughout the pickling operation 
to prevent. preferential surface attack (rig marks, pitting, blistering, 
or erosion). Mechanical stirring should not be applied because of 
the severe cutting action which may occur. Agitation supplied by 
a fine stream of filtered air has proved satisfactory. The pickling 
can be accomplished by total or alternate immersion. The tempera- 
ture of the pickling bath should be maintained between 80 and 
120° Е, preferably at the lower limit. Etching in excess of the 
upper limit results in pitted and blistered surfaces, while etching 
below the lower limit requires excessively long immersion times. 
The time required to remove a given amount of surface material 
is given in Figure 5.27. 


Rinsing 


Perhaps the most critical aspect of the pickling operation is the 
removal of all residual etchant from the component surfaces. Ас- 
celerated corrosion, characterized by the formation of loose, white 
corrosion product, is observed if the residual etchant is not com- 
pletely removed from the surfaces or if the etchant is permitted to 
dry upon the surfaces. The component should be completely im- 
mersed in a tank containing tap water or a dilute nitric acid solution, 
and adequate agitation or flow must be provided for a minimum of 
5 minutes. The parts are then transferred to a second tank, com- 
pletely immersed, and rinsed until all traces of acid entrapment or 
contamination are removed. The components are then rinsed in hot 
(180° Е), deionized water (100,000 ohm-cm minimum resistivity) to 
remove the final traces of the etchant or the tap water. The com- 
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FIGURE 5.27. Effect of Temperature upon Rate of Metal Removal during 
Pickling of Hafnium. 


ponents are dried by evaporation, by wiping with a clean, lint-free 
cloth, or by blowing with filtered, oil-free air. Pickled components 
are handled with clean, lint-free gloves. Components are enclosed 
in clean containers or wrapped in either heavy paper or plastic to 
prevent contamination when not being processed. 

Typical optimum pickling solution specifications are shown in 


‚ Table 5.9. 


Tarte 5.9--ВАТН COMPOSITIONS (PERCENT BY VOLUME) 


Bath A for Rath B for 
simple shapes simple shapes 
НЕ (52%)----------------- 3. 6 2.5 
HNO; (sp gr 1.42.......... 39 39 
ПО това aie ote Balance Balance 


The bath сап be operated for long periods of time and can be regen- 


erated by the addition of hydrofluoric acid. As a general rule, 
‚ № pound of metal may be removed per gallon of etchant before the 


bath need be regenerated or changed. The pickling rates of hafnium 


. in Bath “A” are shown in Figure 5.27. 


190 THE METALLURGY OF HAFNIUM 


5.10 REFERENCES 


1. 


2. 


3. 


711. 


12. 


Hayes, E. T.; Carpenter, R. L., "Evaluation of Hafnium Ingots", USBM- 
U-12, February 14, 1955. (Official Use Only.) 

КАТО, H., ET AL., “Zirconium Progress Report", USBM-U-336, July 15, 1957. 
(Official Use Only.) 

Goopwin, J. G.; Hurrorp, W. J., "Melting and Fabrication of Iodide Haf- 
nium”, WAPD-109, June 30, 1954. (Official Use Only.) 


. LustMAN, B.; Kerze, F., JR, eds, The Metallurgy of Zirconium, McGraw- 


Hill Book Co., New York, 1955. 


. Нове, H., Westinghouse Electric Corporation, Bettis Plant, (Unpublished 


Data.) 


. Goopwin, J. G.; Нокғовр, W. J., “Iodide Process Produces Ductile Hafnium 


for Fabrication”, Metals, 7, 1162 (1955). 


. REDLINGER, R. W., Westinghouse Electric Corporation, Bettis Plant, (Onpub- 


lished Data.) 


. MacHerey, R. E., “Rolling of Hafnium” in “Quarterly Report, Metallurgy 


Division", ANL-4784, December 31, 1951, p. 15. (Unavailable.) 


. WESTINGHOUSE ELECTRIC CORPORATION, BETTIS PLANT, Monthly Technical 


Progress Report, WAPD-MR-22, October 1951, p. 108 (Confidential, Re- 
stricted Data.) 


. Gorpon, R. B.; Hvnronp, W. J., “Fabrication of Zirconium” іп Zirconium and 


Zirconium Alloys, p. 131, Am. Soc. Metals, Cleveland, 1953. 

DUNNING, D. N., “Evaluation of the Hafnium Melting, Forging, and Rolling 
Work Conducted by the Crane Company”, KAPL-M-DND-2, January 22, 
1957, p. 6. 

EVERHART, J. L., “Titanium, Zirconium, Molybednum, Tungsten, Tantalum, 
Columbium, Vanadium, and Hafnium as Engineering Materials”, Materials 
and Methods, 34, 89 (December 1951). 


. BELTRU M, C., Westinghouse Metals Plant, Unpublished Data. 
. Hurrorp, W. J.; McCriNTICKE, R. J., “Production of Plate from Crystal Bar 


Hafnium”, WAPD-RM-181, May 21, 1953. 


. HALAPATZ, J., “The Extrusion of Arc Melted Sponge Hafnium Cruciform 


Shapes”, WAPD-MDM-T, Мау 5, 1954. 


. PRUS, L. B., “Control Rods from Cold-Rolled Hafnium", WAPD-FE-422, Au- 


gust 9, 1954. 


. EPPELSHEIMER, D. S.; боор, D. S., “Тһе Cold-Rolled Texture of Hafnium”, 


J. Inst. Metals, 85, 158 (1956-51). 


. Reactor Handbook, Vol. III, Materials, AECD-3047, March 1955. 

. NovoTNAK, M. D., “Hafnium Control Rods", WAPD-FE-157, June 1, 1954. 
. HALAPATZ, J., Laboratory Extrusion Records at Bettis, 1953. 

. RicHarps, E. L.; Томвагон, R. W., “Extrusion of Bare Hafnium”, WAPD- 


МСЕ-524, Мау 4, 1956. 


. TOMBAUGH, R. W., Unpublished Laboratory Work at Bettis, August 1957. 
. TOMBAUGH, R. W., Westinghouse Electric Corporation, Bettis Plant, Unpub- 


lished Data. 


. Hoce, Н. R., "Impact Tests of Zircaloy-2-Hafnium Welds”, WAPD-RM-215, 


December 30, 1953. 


. Нове, Н. R., “Tensile Properties of Hafnium-Zircaloy-2 Welds”, WAPD- 


MDM-5, April 14, 1954. 


. THEILACKER, J. 8.; Влосн, Е. D.; KASBERG, А. H.; STERMON, В. B., “Equip- 


ment and Procedures for Inert Atmosphere Welding of Zirconium and 
Hafnium", WAPD-T-240, November 1955. 


. Byron, E. S.; PoREMBKA, S. W., JR., “Roll Bonding Hafnium, Titanium, and 


Zircaloy-2”, WAPD-SFR-Met-680, December 1957. (Unavailable. ) 


Сһаріет 6 


HAFNIUM ALLOY SYSTEMS 
Ву D. К. Dearporrr,! О. N. Caruson,? and Н. Като! 


6.1 INTRODUCTION 


From considerations of the criteria usually examined in forecasting 
phase stability in binary alloys the alloying behavior of hafnium 
would be expected to be very similar to that of zirconium. The 
atomic sizes of the two elements are almost identical since the inter- 
- atomic distances are identical to three significant figures. As the 
crystal structure and the valence are identical, the Brillouin zones 
and the shape of the Fermi surface should be almost identical. In 
the present state of knowledge it is not possible to predict the 
differences between the alloying behavior of the two metals. The 
principal differences between zirconium and hafnium constitutional 
diagrams should be those introduced by the higher melting point 
and elevated transformation temperature of hafnium. 

Only five hafnium alloy systems are sufficiently well investigated 
to permit the presentation of phase diagrams. Two of these, the haf- 
nium-thorium system and the hafnium-cobalt system, differ signifi- 
cantly from the corresponding zirconium systems. It thus appears 
that the subtle difference between the hafnium and zirconium atoms 
may be reflected in a considerably less subtle difference in their alloy- 
ing behavior. An examination of the available information concern- 
ing the intermetallic phase or compound forming tendencies of the 
two metals reveals both similarities and differences. Both metals 
form carbides, borides, nitrides, and oxides of the same structure 
and stoichiometry, the lattice parameters of the compounds of 
hafnium being slightly smaller than those of the correspond- 
ing compounds of zirconium. Neither hafnium nor zirconium 
exhibit any intermetallic phase formations in their alloy systems 
with thorium, niobium, or titanium. Іп general, the indications 
are that corresponding compounds are found in the systems with 
germanium, molybdenum, nickel, silicon, tin, and tungsten al- 
though, in some cases, the investigations have not been suffi- 


1 U.S. Bureau of Mines. 
2 Iowa State College. 
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ciently complete to establish whether there is complete correspondence 
(e.g., in the case of silicon). A number of systems appear to lack 
correspondence. Thus, HfCu, is reported, but ZrCu, is not. The 
corresponding intermetallic phases HfMn, and ZrMn, are reported, 
but the former has the MgNi, structure, while the latter has the 
MgZn, structure. Similarly, the intermetallic phases НРУ, and 
ту» are reported to have the MgCu; and MgZn; structures, respec- 
tively. In the hafnium-iron system, Hf;Fe, HfFe, and HfFe, are re- 
ported to occur, whereas in the zirconium-iron system, only ZrFe, is 
reported. It does not appear that a definite analysis can be made 
of the relative alloying behavior of hafnium and zirconium until 
more thorough experimental investigations have been carried out. 
The reader is referred to two excellent discussions on zirconium 
alloy systems by Pfeil [1] and Smoluchowski [2]. 

The high melting point and high transformation temperature 
complicate the establishment of hafnium phase diagrams.  'The 
melting point of 2,2229 C is several hundred degrees higher than 
that of zirconium (1,8599 C) and titanium (1,6889 C) so that it is 
more difficult to establish the solidus and liquidus lines of the haf- 
nium-rich alloys than it is for its lower-melting-point relatives. The 
transformation temperature of 1,760? C is practically double that 
of titanium (862° C) and zirconium (880? C) so that establishment 
of maximum or minimum solubilities in the neighborhood of the 
alpha-beta transformation requires advanced metallographic lab- 
oratory techniques. 

Тһе deleterious effects of oxygen and nitrogen on alloys of this 
group are so well known that no discussion of alloys can be pre- 
sented without & statement of their purity. In this case the un- 
availability of hafnium before about 1953 has kept the older litera- 
ture singularly free of questionable diagrams such as those faced by 
titanium and zirconium investigators. Hafnium refined by the van 
Arkel-de Boer process has been used for most of the diagrams de- 
Scribed in this chapter. Тһе oxygen content was 0.03 to 0.05 per- 
cent and nitrogen was of the order of 0.007 percent. At this low 
impurity level the diagrams can be considered valid. 


6.2 HAFNIUM-BORON 


Glaser, Moskowitz, and Post [3] established the existence of com- 
pounds HfB and HfB, by X-ray diffraction analyses. They reported 
that HfB has a face-centered cubic structure of the NaCl (B1) type 
with 4,—4.692-0.02À and the HfB, has a hexagonal structure iso- 
morphic to ZrB, with a=3.14+0.002A, c=3.470+0.002A, and с/а= 
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1.105. The same workers also determined that HfB, melts at 
3,250+100° C and that it has a room-temperature resistivity of 12 
microhm-cm. The melting point of a boride of undefined composi- 
tion is about 3,100° C [4]. | 


6.3 HAFNIUM-CARBON 


Most of the reported work оп this system concerns the carbide, НІС. 
Agte and Alterthum [5] determined that the compound HfC melted 
near 3,900° С. Cotter and Kohn [6] reported the possible existence 
of a eutectic reaction between the carbide and carbon at 2,800° C. 
From X-ray diffraction analyses, they determined that the carbide 
was of the NaCl type with a lattice constant a=4.641+0.001A. This 
agrees with the earlier work of Glaser, Moskowitz, and Post [3]. 
Hansen [7] gives references for additional determinations of a= 
4.ТОА, a=4.467A, a=4.635A, а= 4.6365A. 


6.4 HAFNIUM-CHROMIUM 


Elliott [8] has identified HfCr, as isomorphous with MgNi, with 
с=16.325 kX, а--5.047 kX, and с/а=3.234. The incipient melting 
temperature was determined as 1,480° C. 


6.5 HAFNIUM-COBALT 


A tentative phase diagram proposed by Dwight, Downey, and 
Nevitt [9, 10, 11, 12] is shown in Figure 6.1. These investigators re- 
port four intermetallic phases. Hf.Co has the Ti,Ni structure with 
8--19.1036А, HfCo has the CsCl structure with a,=3.165A, and 
HfCo, has the MgCu; structure with a,=6.918A. The fourth inter- 
metallic phase, tentatively assigned the formula HfCo,, ranges from 
85 to 88 a/o Co at 1,225° C but apparently has a narrower existence 
range at lower temperatures. Its diffraction pattern is complex and 
has not been indexed. Elliott and Rostoker [13] had previously 
reported that an alloy of HfCo, exists and has the MgCu; type struc- 
ture with a lattice parameter of 6.922A. The incipient melting tem- 
perature was determined as 1,570° C. 


6.6 HAFNIUM-COPPER 


Elliott [14] found that the diffraction pattern of a nominal HfCu, 
alloy was not of the Laves type, but similar to patterns of the Ti-Cu 
and Zr-Cu systems. The existence of TiCu, and ZrCu; has not been 
confirmed by other investigators. 
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6.7 HAFNIUM-GERMANIUM 


One of intermediate phases of the hafnium-germanium system has 
been investigated by Smith and Bailey [15] who determined the 
structure of the compound HfGe,. It has an orthorhombic crystal 
structure and belongs to the space group D}’-Cmcm. The lattice 
constants are a=3.815A, b=15.004A and c=3.7798A. 


6.8 HAFNIUM-HYDROGEN 


Sidhu and McGuire [16] have made an X-ray crystallographic 
study of the hafnium-hydrogen system. The hydride phases were 
prepared by reacting hafnium (5% Zr) with molecular hydrogen at 
700-800° C and measuring the amount of hydrogen pickup both 
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gravimetrically and volumetrically. Hafnium was found to form 
three hydrides at room temperatures; a deformed cubic, a face- 
centered cubic, and a face-centered-tetragonal phase. The deformed 
cubic phase was found to extend to a composition corresponding to 
HfH,;. The face-centered cubic phase exists over the range ex- 
tending from НЇН, з to НЕН, о. The tetragonal phase appears at 
HfÍH,,-HÍH,; and extends to НЇН, ». Тһе phase limits were de- 
termined metallographically and by X-ray analysis. Тһе crystallo- 
graphic data for the hafnium used in this study along with the 
various hydrides are to be found in Table 6.1. 

Subsequent to the X-ray studies of Sidhu and McGuire, the phase 
relationships in the Hf-H system over the temperature range 251- 
872? C were studied by Veleckis and Edwards [17] by means of equi- 
librium hydrogen pressure measurements. (The hafnium material 
used in this study contained 1 w/o Zr.) 


TABLE 6.1— DATA ON HYDRIDES FORMED IN HAFNIUM 


Lattice param- 
Metal or compound Composition Crystal structure eter(A) 


Hf (5w/o Zr)................. Hf (5w/o Zr). .............. Hex dE TIC 8, :3.200 
Ce = 5.061 

c/a=1.58 
Deformed cubic hydride. .... Hf to НЕН, в.---.--.-------- Def. Cubic................. a,=4.702 
Ce = 4.678 
c/a =0.995 
f.c.c. hydride.. .----.-------- НІН в to НЇҢ1ло..-------- LO nier cueste @.=4.708 
f.c. tetragonal hydride. ...... НҮН, s, НІН я to HfHi;.$.. f.c. tetragonal.............. Qe x: 4.882 
Co = 4.384 

c/a == 8.89 


The measurements consisted of determining the pressure of hydro- 
gen in equilibrium with the metal as a function of hydrogen content 
in the metal at constant temperature. The experimental data are 
plotted in Figures 6.2 and 6.3. For any given isotherm, the initial 
rise represents the region of solubility of hydrogen in hafnium. The 
plateaus indicate equilibrium of two solid phases, whereas the in- 
flections evident in the curves of Figure 6.3, representing higher 
concentration of hydrogen in the metal, reveal the presence of a 
third phase. The compositions of the three phases, so indicated, 
are in agreement with the three solid phases in the Hf-H system 
located by Sidhu and McGuire. The limits of solid solubility are 
best seen in the log-log plots of pressure versus concentrations, Fig- 
ures 6.4 and 6.5. The initial straight line portions of these curves 
have slopes of nearly two and indicate obedience to Henry’s law and 
monatomic solution of hydrogen in hafnium. The study of Veleckis 
and Edwards was one of equilibrium and it is interesting to note 
that even at low temperature (251° C) equilibrium is achieved 
within a few hours, whereas only 10 minutes are required at tem- 
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Кістуве 6.2. Pressure-Composition Isotherms for the Hydrogen-Hafnium System 
(°С) : A, 872°; B, 827°; C, 808.59; D, 798.5°; E, 779°; Е, 745°; С, 718°; H, 
683°; I, 595°; J, 396.5°; L, 322°; N, 272°; O, 251°. 
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FicurE 6.3. Pressure-Composition Isotherms for the Temperature Range 251 to 
396.5°C : J, 396.5° ; K, 365°; L, 322°; M, 298°; М, 272°; O, 251°. 
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Fiaure 6.4. Log-Log Plot of Pressure-Composition Isotherms for the Tempera- 
ture Range 251 to 306.5? C: J, 396.5°; K, 365°: L, 322°; M, 298°; N, 212"; 
О, 251°. 
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Figure 6.5. Log-Log Plot for Pressure-Composition Isotherms for the Tempera- 
ture Range 683 to N12? C: A, 8799; B, 827°; С, 803.5°; D, 798.5°; E, 779°; 
Е. 745°; G, 718° ; H, 683°. 
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peratures greater than 500° C. The rather rapid attainment to 
equilibrium was observed only for samples which had been pre- 
treated to remove the surface oxide barrier layer. 

The compilation of most of the experimental results is contained 
in Figure 6.6. This figure represents projections upon the tempera- 
ture-concentration plane of the solubility limits obtained from 
pressure-concentration isotherms. The curve labeled A gives the 
solubility of hydrogen in hafnium at a constant pressure of 760 mm 
of Hg. The shaded region remains unexplored. The boundary 
compositions are to be found in Table 6.2 which also has the approxi- 
mate equilibrium pressures over the phases. The X-ray data of Sidhu 
and McGuire are also entered іп the diagram of Figure 6.6 Thermo- 
dynamic calculations pertinent to the Hf-H system can be found in 
Chapter 9. 


TaBLE 6.2—BOUNDARY COMPOSITIONS OF THE VARIOUS REGIONS 
IN THE HYDROGEN-HAFNIUM SYSTEM 





Phase boundary 
Temperature (° C) 


a—(a+8) (a+8)—8 8— (84-9 
Conc ! Pressure Conc! Pressure? Cone 

8192-22... 10. 89 183 24 07 а 
826.8..._.._______- 10. 07 116 IARE. m rp NIC 
803.8..___._______- 9, 27 83 210222222242 абы 
108.5. 226 сызышы 9. 14 81 Өл Ку; PROMO EE 
rri о ии 8. 67 61 ЗА REMO асы была 
145.2.---.---------- 7. 69 35 2194525 кке кекете нана 
rA rA. DL 7.18 23 BOLT ызадан oat a 
6927.22 6. 00 13 ДӘУ 5 забалы| ы. зке йа 
5948-_____________ 3. 61 1.7 51.8 сала Seer арыла 
LUN PE ERE TERRENT 60. 6 1.2: 5 ss ans 
о Т е ыы узек дыбы ПЕРИ ИРНЕ 61. 0 550 64. 3 
ВО rum Ee e eats ек ото 61. 5 110 63. 8 
DOG ИН alee Bit гы Ms аф ag coo ры с, 62. 0 20 64. 3 
f RENE RC HE 62. 5 10 64. 1 
ЖОП Кошу ыза ызыр БЕРЕСІ EE 63.0 |... 64. 3 


' Concentration of hydrogen, atom percent. 
3 Approximate pressure in mm of Hg. 
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6.9 HAFNIUM-IRON 


The salient features of this diagram investigated by Hayes and 
Deardorff [18] are as follows: 


1. Compounds HfFe and HfFe; melting at 1,5409 С and 2,120° С 
respectively. 
2. A hafnium-rich eutectic at 94 w/o Hf-6 w/o Fe and 1,280? С. 
3. An iron-rich eutectic at about 95 w/o Fe-5 w/o Hf and 1,525° С. 
Nevitt, Downey, and Morris [19] report the intermetallic phase 
Hf,Fe and that it exhibits the Ti,Ni structure with a=12.0555 А. 


6.10 HAFNIUM-MAGNESIUM 


Hansen [20] reports that Hf and Mg do not alloy in the solid 
state. There may be considerable liquid solubility based on the 
analogy to titanium and zirconium. 


6.11 HAFNIUM-MANGANESE 


HfMn, has been identified by Elliott [21] as isomorphous with 
MgNi, with lattice parameters of c=16.334 kX, а=5.006 kX, and 
c/a=3.263. The incipient melting temperature was determined as 
1,585? C. 

Nevitt, Downey, and Morris [19] report the intermetallic phase 
HfMn of the Ti,Ni type having а= 11.812 A. 


6.12 HAFNIUM-MOLYBDENUM 


Two modifications of HfMo, are reported by Elliott [22]. Тһе 
predominant MgNi, type modification has lattice constants of 
с=11.312 kX, a—5.330 kX, and c/a=3.248. An additional high 
temperature modification was indicated which has the MgCu, type 
structure with а= 7.562 kX. Тһе incipient melting temperature was 
in excess of 2,300° C. 


6.13 HAFNIUM-NICKEL 


The existence of hafnium-nickel compounds, Hf;Ni, НЁМ, Hf2Nis, 
НЕМЬ, and HfNi, was determined by Deardorff [23] through X-ray 
diffraction studies. Also observed were eutectic reactions near 
1,200? С at approximately 10 w/o and 70 w/o Ni compositions. 

Elliott [24] reports that a nominal HfNi, alloy melted near 
1,790? C and that its diffraction pattern was similar to that of TiNi;. 

Dwight [12] reports that HfNi, exhibits the AuBe; structure with 
a lattice parameter a— 6.683 А. 
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6.14 HAFNIUM-NIOBIUM 


Duwez [25] made some X-ray diffraction analyses of hafnium- 
niobium alloys that had been quenched from 1,000° C. He reported 
that. only body-centered cubic structures were found for alloys con- 
taining more than 20-а/о niobium, and both cubic and hexagonal 
structures were found for alloys containing less than 30 a/o niobium. 
Because the lattice parameters of the 30 to 100 a/o niobium alloys 
decrease uniformly with increasing niobium content, Duwez logically 
asserted that a solid solution existed at 1,000° C between the com- 
position limits of 30 to 100 a/o niobium. Elliott [26] found that 
the diffraction pattern of a nominal HfNb; alloy annealed at 800° C 
showed evidence of both cubic and hexagonal structures. "There is 
too little data to define the system, but they are not inconsistent 
with a diagram of the type exhibited by zirconium-niobium. 


6.15 HAFNIUM-NITROGEN 


According to Hansen [27], the compound HfN has a metallic char- 
acter, melts at. 2,2109 С, and has a face-centered cubic structure with 
a=4.52+0.02A., 


6.16 HAFNIUM-OXYGEN 


Curtis, Doney, and Johnson [28] investigated the compound HfO, 
and reported the following lattice constants: a—5.11À, 5—5.14À, 
c=5.28A, and 8—99?44^. The melting point is reported as 2,900? + 
25° C, and the inversion from monoclinic to tetragonal is reported to 
occur near 1,7009 C. The inversion is accompanied by a calculated 
3.4 percent theoretical density increase in contrast to the 7.5 percent 
increase reported for zirconia. 

The investigators also report that the oxide forms only one com- 
pound each with silica and lime, HfO;: 510, and НЮЮ.: СаО, respec- 
tively. On the basis of X-ray diffraction investigations, they con- 
cluded that НТО. and ZrO, form a continuous series of solid solutions 
at about 1,8009 C. 


6.17 HAFNIUM-PLATINUM GROUP METALS 


There is not enough information available to establish any of the 
phase diagrams of hafnium with the metals of the platinum group. 
However, а number of intermetallic phases have been identified as 
shown in Table 6.3. 
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TABLE 6.3 INTERMETALLIC PHASES FORMED ВУ HAFNIUM WITH 
THE PLATINUM GROUP 


Lattice Parameters (A) 


Formula Prototype с 4 с/а Reference 
HfRu........... СЗО cR 9.225 Leu 11 
НІНІ: ТОМ ыса 12. 3255  ....... Е 10 
НІНҢҺ;::------.-- САМ. -------- 3.911 2024232 29 
НЇРдз----------- ТІМ Есе 9. 192 5. 595 1. 643 29 
HfRe;........... MgZn;........ 8. 595 5. 249 1. 637 12 
НОВ» ioris ОВС сала, паек 3.239 . ....... 11 
HfOs; Қа ынан ecl: MgZn; p 8. 491 5. 194 1. 635 12 
HÓGIPR.:n:22-e ТБМ оса ы кесене 12. 352 . ........ 10 
Hfln. m ДОШ АЙП ошо ASA 3.935 ——------ 29 
НОВЫЕ: ааа ТЕМЕ созда, Ева 12. 461  ........ 10 
НЇРїз----------- TiNiz--------- 9. 208 5. 636 1. 634 29 


6.18 HAFNIUM-SILICON 


Post, Glaser, and Moskowitz [30] established the existence of phases 
HfSi and HfSi, by X-ray diffraction and report the following lattice 


constants: HfSi has a hexagonal crystal structure with а=6.86А, 
c=12.60A, and c/a=1.84; and HfSi, has an orthorhombic structure 
with a=3.67A, b —14.56À, and c=3.64A. X-ray diffraction analyses 
on HfSi, by Cotter, Kohn, and Potter [31] and by Smith and Bailey 
[15] agree with the foregoing. Hansen [82] states that the HfSi pat- 
tern needs corroboration and that the compound Hf;Si; exists. 


6.19 HAFNIUM-TANTALUM 


Elliott [83] reports both cubic and hexagonal structures were 
present in a nominal НЁГа> alloy annealed at 800° C. This system 
is probably similar to Ti-Ta and Ti-Nb. 


6.20 HAFNIUM-THORIUM 


The binary phase diagram for the hafnium-thorium system, 
shown in Figure 6.7, is the result of an investigation by Gibson, 
Loomis, and Carlson [34]. There is a eutectic reaction which occurs 
at 1,450? C and 25.7 w/o Hf. А eutectoid reaction occurs at 1,295? C 
and 8.9 w/o Hf, and an inverse peritectic reaction is postulated at 
1,6009 C and 96 w/o Hf. 

The solid solubility limit of hafnium in alpha-thorium at tempera- 
tures below 650? C has been estimated at less than 5.0 w/o Hf. The 
solubility of thorium in hafnium at room temperatures is considered 
to be negligible. 


HAFNIUM ALLOY SYSTEMS 205 


THORIUM , а/о 


0 Юю о о 40 50 60 70 60 90 ЮО 


1900 
1800 
wu 
e 
© + 
е. 1700 ы 
шм 5 
= < 
E 1600 Б 
ес a 
ш з 
а. ш 
т z 
— 1500 


Вт * aH 


aTh Фан! 





Ht 10 20 зо 40 50 60 70 


THORIUM , w/o 


FicURE 6.7. Hafnium-Thorium Phase Diagram (from Ref. 34 Courtesy of the 
American Society of Metals). 
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6.21 HAFNIUM-TIN 


The structure of the compound Hf;Sn; has been determined by 
Smith [31] from X-ray data on single crystals. Тһе compound has 
the Mn,Si, type structure and belongs to the space group Djh— P6;/ 
mem. The lattice parameters are: а=8.418А and c=5.822A. 


6.22 HAFNIUM-TITANIUM 


Hafnium and titanium are completely miscible both in liquid and 
solid states. The phase diagram developed by Deardorff and Hayes 
[86] is shown in Figure 6.8. Their determination of the solidus 
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TITANIUM , w/o 
Figure 6.8. Hafnium-Titanium Equilibrium Diagram. 


and liquidus curves were made by the use of a gradient-heating tech- 
nique [37]. The alpha-plus-beta region, shown as a single line in 
the figure, was determined by use of a differential thermal analysis 
technique. 


6.23 HAFNIUM-TUNGSTEN 


Elliott [38] reports occurrence of HfW,, that it is isomorphous 
with MgCus, and that its lattice parameter is а = 7.556 ЕХ. The 
work of Deardorff and Hayes [37] on melting point determination of 
hafnium indicates that hafnium and tungsten form a eutectic which 
melts around 2,030° C, but the composition of such a eutectic was 
not determined. 


6.24 HAFNIUM-URANIUM 


Peterson and Beerntsen [39] report the following results of an 
investigation of the hafnium-uranium alloy system recently com- 
pleted. Melting point data show that uranium and hafnium are 
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soluble in all proportions in the high temperature, body-centered 
cubic form and exhibit a continuously sloping solidus between the 
melting points of the two elements. 

Hafnium lowers the beta to gamma transformation of uranium by 
eutectoid formation at 733 + 2° C and approximately 4.5 a/o 
hafnium. The maximum solubility of hafnium in beta uranium at 
the eutectoid temperature is less than 0.5 a/o hafnium. Thermal 
analyses indicate that hafnium raises the alpha-beta transformation 
of uranium by a peritectoid reaction. The transition temperature is 
increased from 662° C for the unalloyed uranium to 676 + 3° C at 
approximately 0.2 a/o hafnium. 

Alloys containing 90-65 а/о hafnium, quenched from 1,1009 С, соп- 
tain a hexagonal delta phase with a=4.97A and c=3.04A. This 
phase appears to be metastable. Uranium lowers the alpha-beta 
transformation in hafnium to a monotectoid at about 1,150° and 55 
a/o hafnium. At 1,425° C, the solubility of uranium in hafnium is 
between 2.0 and 2.3 a/o. 


6.25 HAFNIUM-VANADIUM 


Elliott [40] reports the occurrence of HfV,, that it is isomorphous 
with MgCus, and that its lattice parameter is а = 7.371 kX. Тһе 
incipient melting temperature was determined as 1,5009 С. 


6.26 HAFNIUM-ZIRCONIUM 


The first diagram for the hafnium-zirconium system was published 
by Fast [41] and was based largely upon theoretical considerations. 
А diagram experimentally determined by Hayes and Deardorff [36] 
is shown in Figure 6.9. Тһе diagram agrees closely with that of 
Fast's except for the location of the transformation temperature of 
hafnium. Hayes and Deardorff show a transformation temperature 
of 1,750? C, whereas Fast shows a value of 1,950? C. These values 
compare with the preferred values of 1,760+35° for the melting 
point. 
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Chapter 7 


PHYSICAL METALLURGY AND PROPERTIES 
OF HAFNIUM 


К. M. GorpMaN,! Editor 
7.1 INTRODUCTION 


There has been a reasonable amount of work done on the deter- 
mination of many of the basic physical properties of hafnium. This, 
along with the moderate body of information which exists on its 
mechanical and corrosion properties, in addition to certain predictions 
of its properties and behavior which can be inferred from a knowl- 
edge of similar properties of zirconium and titanium, comprises the 
material for this chapter. 

The sections concerning properties of hafnium include physical, 
atomic, and mechanical properties. Information on melting and 
boiling points, allotropic modifications, and electrical and thermal 
properties is presented. Nuclear properties are to be found in 
Chapter 1. Only the more basic chemical properties such as atomic 
number, atomic weight, and atomic radius are discussed. Chemical 
behavior in terms of reaction with liquids and gases is discussed 
in the corrosion section. The commonly reported mechanical prop- 
erties, hardness, tensile, and creep, are included. 

The discussion of the physical metallurgy of hafnium is necessarily 
limited because of the small quantity of information available. The 
topics on which some information is available include recrystalliza- 
tion, deformation textures, and metallography. 

The corrosion section contains information on the reaction of 
hafnium with pressurized water and steam, solutions of acids, bases, 
and salts, and gases such as oxygen, steam, hydrogen, and nitrogen. 

The purity of the materials used in many of the studies reported 
in the literature is frequently not specified. Zirconium as well as 
oxygen and nitrogen is often present in amounts sufficiently high to 
affect the properties being investigated. An attempt has been made 
to take into account the purity of the material in assessing the true 
nature of the properties discussed in the following pages. 


7.2 PHYSICAL PROPERTIES OF HAFNIUM 
By Е.Н. Roland? 


It has only been in the past. few years that hafnium of sufficiently 
high purity has been available to permit determination of reliable 


1 Westinghouse Atomic Power Division. 
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values of its physical properties. The most reliable values are sum- 
marized in Table 7.1, and each property is discussed in the succeeding 
portions of the chapter. 


TaBLE 7.1—PHYSICAL PROPERTIES OF HAFNIUM 


Melting point._..._.--__------------------ 2,222 + 30° С 
Boiling рош «oss ooo sa ek сы 3,100° C 
Crystal structure. ------------------------- Close-packed hexagonal 
a=3.1883 A 
c=5.0422 A 
с/а-- 1.5815 
Body-centered cubic 
a,=3.50 A 
Allotropic transformation temperature. ..... 1,760 + 35° C 
Electrical resistivity at 25° C______________- 35.1 106 ohm-cm 
Superconductivity transition temperature- 0.374+0.01° K 
Coefficient of linear thermal expansion (20- 
УАР Ты ӨЗЕК ЕТКЕН ie e Басе 5.9 x 10-*/? C 
Thermal conductivity at 50° C__.__________- k=0.223 watts/cm? C 
DONS yo oe oe ыны LOC EE 13.09 + 0.01 g/cm? 
Thermal neutron absorption cross section..... 105--5 barns 
Paramagnetic susceptibility (RT)------------ (0.42 + 0.01) Х10-% emu/g 
Hall effect еее. —0.16X 10-5 V cm/amp gauss 
Specific heat (25-100? C)------------------- 6.25 cal/mol? C 
Atomic number. _____-_-_----------------- 72 
Atomie ОИ 178.50 


Melting Point 


De Boer and Fast [1] in 1930 reported a value of 2,230+50° С 
for the melting point of hafnium. In this determination, the melting 
points of as-deposited iodide hafnium-zirconium alloys were ex- 
trapolated to 100 percent hafnium. Later measurements showed а 
wide difference in the melting point of hafnium as reported by 
different authors. McPherson, reported by Adenstedt [2], gave 
the melting point of hafnium as 1,975+25° C. In McPherson’s 
work, the hafnium specimen was suspended by a tungsten wire. 
Deardorff and Hayes [3], using a modified technique, report a value 
for the melting point of hafnium of 2,222+30° C and indicate a 
hafnium-tungsten eutectic reaction at 1,965° C. The hafnium- 
tungsten eutectic temperature agrees closely with the 1,975° C value 
of the melting point reported by McPherson and probably explains 
this low value. 

The best value appears to be 2,222+30° С, reported by Deardorff 
and Hayes, as the samples employed had a lower impurity content 
than those reported by other investigators. The values.and references 
for the melting point of hafnium are given in Table 7.2. 
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ТлвтЕ 7.2— THE MELTING POINT ОЕ HAFNIUM 


Melting point Zr (ш/о) Reference 
2,280+50°С_----.-------------- Extrapolated to 100% hafnium.. 1 
О C0 _------------------ ООА ааа от OEC 4 
1,975+30° Саа а | Fey | ЕРТЕРЕК ЕКЕ ЕТТЕН 2 
2,290 4:0 (cu ciun лықта аа Sponge hafnium................ 5 
2,2224 30° C cbs be goes ve 0:008. а eoe D Ac 3 
Boiling Point 


The boiling point of hafnium has been calculated to be about 
3,100? C by Oliver [6], and this value is also given in the ASM 
Metals Handbook [7]. Richardson [8] gives a value of 5,400? C. 
Richardson’s value, however, is very likely that of НЮ. rather than 
that of hafnium, for his was а determination by spectrographic 
means, and the sample was hafnia powder mixed with graphite 
powder. Unless the hafnia was actually reduced to hafnium, the 
5,400? C figure refers to the boiling point of hafnia. There is also 
a possibility that а carbide of hafnium was formed. 


Crystal Structure 


The crystal structure of hafnium is close-packed hexagonal [9, 11, 
12] up to about 1,760? C, above which the structure is body-centered 
cubic. Тһе experimental values for the lattice constants of the 
hexagonal phase at room temperature are given in Table 7.3. 


TABLE 7.3—LATTICE CONSTANTS OF HAFNIUM 


в с c/a wlio Zirconium Reference 
3.32 А БАТА... 1.64 — Unknown........ 11 
3200À |... 5.068À 1.581 — Unknown........ 10 
3.1883 А. 5.0422 А |... 1.5815 0.78_....______- 4 
3.1952À |... 5.0569 A_______- 1.5827 0.70------------ 9 
3.1991 А__________- 5.072 A________- 1.586  (Sponge)........ 5 


The values of a=3.1952 A and c=5.0569 А given by Duwez [9] ар- 
pear to be the most reliable because the material contained a relatively 
small amount of zirconium. The early values are probably too high 
because of the higher zirconium and impurity content of the material 
available at that time. 

Duwez [9] measured the lattice parameter of a series of hafnium- 
niobium alloys from 10 a/o niobium in hafnium to pure niobium. 
The samples were homogenized at 1,000° C for 48 hours and quenched 
to room temperature. Above 30 a/o niobium, the crystal structure 
was identified as body-centered cubic. Below 30 а/о niobium, the hex- 
agonal hafnium phase was present as well as the body-centered cubic 
phase. By extropolating to zero niobium concentration, a value of 
3.50 A is obtained for the lattice parameter of the body-centered 
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cubic modification of hafnium if it could be measured at room tem- 
perature. 


Allotropic Modification 


Hafnium has a close-packed hexagonal crystal lattice at low tem- 
peratures and a body-centered cubic structure at high temperatures. 
Zwikker [19] showed that the electrical resistance is à maximum at 
1,3227? C and a minimum at 1,527? C, a behavior analogous to that 
of zirconium. Duwez [9] determined the transformation tempera- 
ture to be 1,310 10? C, a value close to that reported by Zwikker. 
Fast [13], on the other hand, reported a value of 1,950+100° C, 
which is close to one of the melting point temperatures previously 
given. 

To resolve this discrepancy, Deardorff and Kato [14] performed 
а resistometric determination of the effect of zirconium on the trans- 
formation temperature of hafnium. Тһе temperatures (determined 
by an optical pyrometer) corresponding to the beginning of the 
transformation ranges of hafnium containing three different zir- 
conium contents, 2.3, 9.3, and 18 а/о zirconium, were determined and 
were found to decrease linearly over this range of zirconium con- 
tents. The transformation temperature for pure hafnium, obtained 
by extrapolating to zero а/о zirconium, was found to be 1,760-- 35? C. 

The value reported by Duwez [9], 1,310 10? C, was obtained by 
a rapid-cooling thermal analysis technique. Fast [13], about six 
months later, published the much higher value of 1,950+100° C. 
This value was based on Fast's own determination of 1,690? C as 
the start of the transformation range for hafnium containing 5.7 
а/о zirconium and also his belief that. the hafnium which Duwez 
had used contained 19 а/о zirconium and that the 1,2310? C value 
should be associated with this composition. Fast assigned this 19 
а/о zirconium to Duwez’ hafnium because of the lattice parameters 
reported by Duwez. Russell [15], about a year later, stated that 
Duwez and Fast were probably reporting their lattice parameters in 
different units and reassigned a value of 6.0 а/о zirconium to Duwez’ 
hafnium which corresponded to Fast's material. It is believed by 
Deardorff and Kato that Fast's work is essentially correct except 
that he probably should not have considered Duwez’ 1,310? C value 
in the extrapolation to his (Fast's) 1,690? C number for his hafnium- 
5.7 а/о zirconium value. Deardorff and Kato believe that Duwez 
1,310? C value was affected by fusion between the sample and the 
thermocouple. | 

Another value, 1,6609 C, was determined by McGeary [16] by 
metallographic examination of heat-treated specimens. The zir- 
conium content of this material is uncertain but 15 believed to be 
between 1 and 4 w/o. 
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The reported values of the alpha-beta transition temperatures are 
given in Table 7.4. The preferred value is that of Deardorff and 
Kato, 1,760° C. The transformation is unaffected by cooling rate [9] 
and, as in the case of zirconium and titanium, is a diffusionless type. 


TaBLE 7.4—SUMMARY OF ALPHA-BETA TRANSITION 
TEMPERATURE DATA 


Temperature ш/о Zirconium Reference 
1,327-1,527? С. Unknown...................... 12 
1,950 + 100° С------------.-.--- а КЕЛЕКЕ ие 13 
1,8310 ТОРО аа зарьш VG ос E взен 9 
1,760 + 35° C (preferred value)...  Extrapolated to 0 w/o Zr_.____-_- 14 
1,6607 Сылгы pee eS д | DP ылына ағаны ROM 16 


Electrical Resistivity 


The electrical resistivity of hafnium has been measured by a num- 
ber of investigators. Тһе data obtained are summarized in Table 7.5 
and are plotted in Figure 7.1. Much of the variation can be accounted 
for by differences of zirconium content and possibly other impurities. 

Kurti and Simon [17], in 1935, employed magnetic cooling to 
measure the resistivity at low temperatures and showed that hafnium 
becomes superconducting at 0.85 + 0.05° К. However, Smith and 
Daunt [18] have reported a transition temperature of 0.874+0.01° К 
for annealed hafnium, whereas unannealed hafnium shows no super- 
conductivity down to 0.15? K. Roberts and Dabbs [19] found no 
evidence of superconductivity between 0.92? К and 4.18? K for 


А MCCLINTOCK & TRACY 39 -FORGED AT 899°C (1650°F), 
ROLLED AT 9279С (17009? Е), THEN HELD 
AT 927°C (1700°Е) IN ARGON FOR 15 | 
MINUTES 


О ADENSTEDT? -0.68% Zr - АВС MELTED, 
HOT ROLLED, COLD ROLLED, 
ANNEALED AT 900°C (A) + 


А ADENSTEDT? - 0.89% Zr - COLD SWAGED FROM 
IODIDE CRYSTAL BAR, ANNEALED 
AT 1000? C (С-2) + 


V ADENSTEDT? — 070% Zr - AS-DEPOSITED CRYSTAL 


BAR - LONGITUDINAL (D-1) X 
Ф ОЕЕМ22 -2 м/о Zr 


ELECTRICAL RESISTIVITY, “OHM — cm 


ж SEE FOOTNOTE, TABLE 7.5 FOR COMPLETE 





00 400 500 600 700 800 900 1000 
TEMPERATURE, °C 


FIGURE 7.1. Electrical Resistivity of Hafnium. 
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material containing 5 w/o zirconium. The results for hafnium are 
tabulated in Table 7.6, where they are compared with those of 
zirconium and titanium. 


TaBLE 7.5—SUMMARY OF ELECTRICAL RESISTIVITY AND 


TEM- 


PERATURE COEFFICIENTS OF RESISTIVITY OF HAFNIUM 


Electrical resistirity 
(и ohm-cm) 


30 at 09 С... 


31.9 at 0° C 
35.7 at 30° C_________- 


29.6 at 0° C__________-_ 
30 at 0° C. ........... 


43.9 at 0° C__________- 
69.8 at 200° C... ..... 
98.8 at 400° C 
127 at 600° C 
147 at 800° C 


41.4 at 0° C__________- 
36.3 at 0° C. . . ...... 


35.7а40°С___________ 
62.4 at 200° С 


32.7 at 0° С... 
61.1 at 200° C________.. 
84.4 at 400° C 

106 at 600° C 

124 at 800° C 

139 at 1,000° C 


32.0 at 09 С... 


34.1 at 0° С... 
40.6 at 50° F 

47.1 at 100° C 

53.6 at 150° C 

60.1 at 200° C 

66.6 at 250° C 


36.6 at 25° C_________- 
Si 
А 0.034 
Во siete 0.06 
Сол аба. 0.084 
Dues 0.015 


Temperature coefficient 
(°C-1X 104) Specimen history 
ДАС comun euch eee .. Unknown...... 
39.8 (0-100? С)........ Unknown...... 
салалы т 2224 Ил ызы. Unknown...... 
44 (0-100? C)________.- Unknown...... 
29.5 (0-200? С)........ | эел не 
29.4 (0-800? C) 
КООРУ as See УЕ СА ah АА B. oim 
онон I. Gu sse EIE 
37.4 (0-200? С)........ Ce ee eae us 
48.6 (0-200? С)...... ex, Wels cco. ады 
35.1 (0-8009 С) 
4.5 (0-2009 C)________- D-2. еее 
аль Аса 2 w/o Zr....... 
зен санан Ша eens 1-4 w/o Zr..... 
Al Zr Оз 

0.066 0.78 0.037 

0.035 0.86 0.084 

0.074 0.89  ..........- 

0.018 0.70 22222... 


А--Агс melted, hot rolled, cold rolled, and annealed at 900? C. 

B—Cold swaged from iodide crystal bar, cold swaged 2095, annealed at 1,000? C. 
C-1—Cold swaged from iodide crystal bar. 

C-2—Cold swaged from iodide crystal bar, annealed at 1,0009 C. 
D-1—As-deposited crystal bar—longitudinal. 

D-2—As-deposited crystal bar—transverse. 


Reference 


12 


21 
20 


cae, EEE, ae Ee ye Ee RM OT of EATS ен == ae ee сїз ey 
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- TaBLE 7.6—SUPERCONDUCTIVITY TRANSITION TEMPERATURES OF 
HAFNIUM, ZIRCONIUM, AND TITANIUM 


Element Impurity Transition temperature Reference 

Hi eeestis Zr (unknown)...... 0.35 + 0.05° К_------------.--- 17 

Hf: 0.9 w/o Zr........- 0.374 + 0.01° К__------------- 18 

ae): | epee сег 5.0 w/o 7т......... No evidence between 0.22— 19 
4.18° K. 

Hf- 5226s Low purity. ....... No evidence between 0.16— 24 
4.20? K. 

BE rods. 0.04 w/o Hf........ 0.565? K—unannealed........ 18 

0.546? K—annealed. 
УА ERE High purity. ...... 0.70+0.02° K...............- 17 
jp ааа ыс 99.95 w/o Ti....... 0.588° К __-.-.----.---------- 18 


Thermoelectric Properties [2 | 


The thermoelectric properties of the platinum-hafnium couple in 
the temperature range 0 to 550° C are shown graphically in Figure 
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Figure 7.2. Thermoelectric Force of a Hafnium-Platinum Couple (Hf+ ; Pt—) 
ture Range 683 to 872° С: A, 872°: B, 827°; C, 803.5? ; D, 798.5°; E, 779°; 
(from Ref. 2 Courtesy of the American Society of Metals). 
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1.2, together with comparable data for the platinum-zirconium cou- 
ple Тһе lack of more extensive data 15 undoubtedly accounted for 
by the fact that hafnium is unsuited for thermocouple use because of 
its propensity for occluding gases. 


Linear Thermal Expansion 


The coefficient of linear thermal expansion has been determined by 
several investigators [2, 23]. The data are summarized in Table 7.7 
and Figure 7.3. Since hafnium has a hexagonal structure in the tem- 
perature range covered in these studies, it would be expected that the 
linear thermal expansion would be dependent upon the degree of pre- 
ferred orientation existing in the material. This has not been amply 
accounted for in the work done thus far, so that the values given must 
be applied with caution. Comparison of the values for cold- worked 
material and annealed material suggests that thermal expansion in the 
[1010] direction is slightly less than the average (random) expansivity. 


TABLE 7.7— COEFFICIENT OF LINEAR THERMAL EXPANSION 


(10-%/9С) 
Average from $0? C to 
Temperature (? C) Instantaneous indicated temperature Reference 
RES NENNEN RR RET 5.4 (СЧЎ)!_—-.--------- 2 
SG ee о етеги ымы „ые ыны 5.7 (Апиа 2 
же One ee КЕР ЕКЕ КЕКТІ 5.7 (OW). о: 2 
PPO Maile ылыы дардын Ышы. дш йы 5.9 (Апп)_.-------------- 2 
ДОО ааа eee ae 6.8 66С_______------------- 28 
РЛІ eet tr attt 623° ИН а мез ЕЕ 28 
DOA ыс Ga ek эы лш эзы ын 5.9 (CW)_____-_--------- 2 
ИЕН 58 6 аа 23 
BIG. uon КИСЕ ТЕКС г ЕТЕ Ug bre ees 2 
ЗО оаза, аена 62 (Апп)--------------- 2 
200 ye eta 5.5 6.1_—.-.---------------- 23 
АГЫМ Жа: Ада алал LI Lt ua e e ОСУ) а ась 2 
БО О О es pde 23 
БАЕ о Аа е. ышыгы 5.9 (CW)_____----------- 2 
DOS sae aco else ey поа 6.1 (Ann)--------------- 2 
GOO A E 22 5.5. D. аа AE 23 
ri NM ET COW) аза саты 2 
ТОО асас ар 5535. ОЦ а сь за ыры ды 28 
2DÜ ое ль, ое 5.7 (CW) Lo sete 2 
ҮДЕ ЕЕЕ ЕЕЕ sheets, ie td 6.0: (Ап 2 
800- Ue S ЕРИНЕ ОБЕ 5.5 58.__.____-_--_-_------ 23 
oh ER nllo 65 аа 5.7 (CW)____--_---------- 2 
ысы мл ызды зт кыо 5.9 (Ann)_____-__------- 2 
ООО аи ХАЛ ТТК 23 
ОБО зс ee зашо анаа СС Сол ЕМЕН ЕККЕН 2 
Оо она nione ее 23 


(CW) !—cold swaged from iodide crystal bar, annealed at 1,0009 C, cold swaged 20%. 

(Ann) 3—cold swaged from iodide crystal bar, annealed at 1,000? С. 

Purity: Material reported in Ref. 2 contained 0.86 w/o Zr (see sample B, Table 7.5). The purity of the 
material reported in Ref. 23 is unknown. 
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Fieure 7.4. Thermal Conductivity of Hafnium, Zirconium, and Titanium 
between 50 and 550° C. 


Thermal Conductivity 


Deem [22] measured the thermal conductivity of hafnium con- 
taining 2 w/o zirconium between 50 and 550° C. The experimental 
results are shown graphically in Figure 7.4 and compared with those 
of zirconium [25] and titanium [26]. 


Density 


The density values obtained for hafnium are summarized in Table 
7.8. Much of the variation may be accounted for by differences in 
zirconium content and perhaps by variations of other impurities. 
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It has been found by investigators at Bettis Plant [27] that a 1 w/o 
variation in zirconium content. brings about a 1 percent change in 
density. 


TABLE 7.8—VALUES FOR DENSITY OF HAFNIUM 


Density (g/cc) ш/о Zirconium Reference 
I3:I9 n ese S и обо ава Sponge hafnium.... 5 
Wr Unknown..........- 16 
13.36 (measured) -------------------------- 0.78! .. 4 
13.90 CX «EA (s все ея адын саб LA s LE, PEE US 4 
| ЕЗМЕЗЕЕНЕР а ое о ИО E EE Unknown.......... 10 
I3. dU se н re a ad e КЕЛИ Unknown.......... 1 
13.011 + 0.005 (measured). ................... Ure nescius cott 2 
13.09 + 0.01 (preferred value) (corrected for 1.4 0.72. -22222222 2 
a/o Zr). 


1 Table 7.5, sample А. 
Magnetic Susceptibility 


The paramagnetic susceptibility for hafnium, which has been meas- 
ured from 4.2 to 1,670° K [28], increases with increasing temperature. 
The room-temperature value is (0.42+0.01) х 10-6 emu/g. The 
curve of paramagnetic susceptibility versus temperature is given in 
Figure 7.5. 


Hall Effect 


The Hall constants for hafnium and zirconium were determined 
by Foner [29] to be — 0.162 X 10-' v ст/атр gauss for hafnium апа 
+ 12.6 х 10-13 у em/amp gauss for zirconium as compared with a 
value of 40.95» 10-'# у em/amp gauss for titanium. 

Foner, in his discussion, presents two possible models which could 
explain the observed Hall effect. The models are based on the as- 
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басове 7.5. Paramagnetic Susceptibility of Hafnium vs. Temperature between 
О and 1400? С; Kriessmann and McGuire [28]. 
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sumption that, for zirconium and hafnium respectively, the 5s and 
44 or 6s and 5d bands are similar to the 4s and 3d bands іп the iron 
group of transition elements. 

If the Fermi level occurs near the top of the appropriate s and p 
bands, the positive Hall effect may be due to hole conduction in these 
bands. Secondly, if the appropriate s and p bands are nearly empty, 
and a positive Hall effect is observed, one assumes that. there is no 
appreciable overlap of the (s, p) and d bands, i.e., the bottom of the 
(s, p) band is above the Fermi level. This may explain the positive 
Hall effect and the conductivity attributed to d-band holes. 

In the second model, for titanium and hafnium, there appears to 
be a slight overlap of the appropriate s and d bands so that the Hall 
constant is very small. The sensitivity of the Hall coefficient. to small 
amounts of impurities could be explained on the basis of either a 
small change in overlap of the appropriate s and d bands, or possibly 
by the introduction of impurity level bands. 





Electron Emission 


Тһе electron emission characteristics of hafnium and zirconium 
are compared in Table 7.9. 





Тавһе 7.9—ELECTRON EMISSION DATA FOR HAFNIUM AND 
ZIRCONIUM 


Electron emission (miiliamp/cm?) 
T (°K) Hafnium [30] Zirconium [31] 
1,900_______- шоу | 4. 80 40. 5 
2-000- 225222 ана 26. 2 160 


2, 100. 5 ees wm 123 520 
4.200 dco лаһы ёс д 485 720 


the time, Zwikker [30] estimated a value of 0.37 in order to correct 
his pyrometer readings to true temperatures. A temperature error 
of about 50° would be expected from the uncertainty in the emissivity 
value. | 


Total Emissivity 


Unpublished data of J. Huminick on the total emissivity of haf- 


| 
Since по data on the emissivity of hafnium had been reported at | 
nium as a function of temperature are presented in Table 7.10. | 


TaBLeE 7.10—TOTAL EMISSIVITY 


Black body temperature (°C) Emissivity 
Об 2. seeks ВЕТЕР 0. 52 
dodo а cte онаа 0. 52 А 
aTi Е ELA A af 0. 56 
ада mo 0. 56 
Е oe 0. 56 


ОО ——— P 0. 56 
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- Compressibility 


Bridgeman [21] measured the compressibility of hafnium at 30 and 


_ 75° С and obtained the following equations which are valid up to 
_ pressures of approximately 12,000 kg/cm?: 


30° C: Ay =9.01X 10-7 p=2.37 x 107? р? 


759 С: А) —8.81x 1077 p=2.37 X107”? р? 


where V= volume (cc) 
| p=pressure (kg/cm?) 


Specific Heat 


Cristescu and Simon [32] measured specific heat from 13 to 210° К 
and found a maximum at approximately 75° K. However, it is 
believed that their sample was mostly НЮ. [33]. Burke and Darnell 
[34], and Friedberg [35] found no maximum in the specific heat 


‚ curve in the same temperature range for samples containing 2 w/o 


zirconium. The curves for specific heat measured over the range of 
15 to 200° K by Friedberg [35] are plotted in Figure 7.6. Specific 
heat data for the range of 2 to 20° К, obtained by Wolcott [88], 
are plotted in Figure 7.7. Data obtained on the Debye Temperature 
by both Friedberg and Wolcott have been combined in Figure 7.8. 
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Ficure 7.0. Specific Heat of Hafnium vs. Temperature between 15 and 200: К; 
Friedberg [35]. 
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FIGURE 7.7. Specific Heat of Hafnium vs. Temperature between 2 and 20° К; 
Wolcott [33]. 
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FIGURE 7.8. Debye Temperature (0) of Hafnium vs. Temperature between 0 
and 180° К; Combined Data of Friedberg [35] and Wolcott [33]. 
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Adenstedt [2] reported a value for C, of 6.24 cal/mol-C? between 
25 and 100? C. 

Stull and Sinke [36] estimated the specific heat, C,, from room 
temperature to the melting temperature. They used the value of 
1,0759 C reported by Adenstedt for the melting point of hafnium and 
neglected the allotropic transformation from close-packed hexagonal 
to body-centered cubic. All heat effects associated with the alpha-beta 
transformation and the solid to liquid transformation were included 
in their estimate of the heat of fusion which was used to calculate 
the C, value for the liquid. Their estimate of С; is based on the 
measured values between 50 and 200? K reported by Friedberg (35 | 
and shown in Figure 7.6. The values for C, estimated by Stull and 
Sinke are tabulated in Table 7.11. 


TABLE 7.11—SPECIFIC HEAT, C, VS. TEMPERATURE ESTIMATED 
BY STULL AND SINKE [36] 


T(°K) C,(cal/mol-C°) тек) C,(cal/mol-C°) 
Daas ое sk 6. 10 О 7. 42 
100. ИН eee ETE 6. 22 1; O00 sees eee te eee eS 7. 54 
ЕНИН ek teh Oe 6. 34 1:000... eee Enc ed ERO LE* 7. 66 
Е EXE 6. 46 L | | | eee аны азама ы ед 7. 78 
От SE 6. 58 1 800 жемек т URS 7. 90 
|| ИЕН НК КК КЕКЕНЕН 6. 70 1,900... noscere Rc КЕТЕ nd 8. 02 
WOO LL дылы тамын Er sen 6. 82 2:000: 25 ала невера 8. 14 
ООО саана See 6. 94 вые СЕНА АНЕ сте 8. 26 
1100. 5052525 cal arene 7. 06 2, ОО 8. 38 
АЕ E ИЕНА 7. 18 2, 300-3, 000----------------- 8. 00 
ое Ana 7. 80 


Note: Reference state—solid from 298 to 2250°K; liquid from 2250 to 3000°K 
Atomic Properties [37, 38] 


The element hafnium has an atomic number of 72, an atomic weight 
on the physical scale of 178.50, and an atomic weight on the chemical 
scale of 178.548. The stable isotopes of hafnium and their abundance 
are given in Table 1.8 (Chap. 1). The atomic number of hafnium 
requires that it be placed in Group IV and period 6 of the periodic 
table, whence its characteristic valence should be 4 and maximum 
coordination number 8. The other members of Group IV-A are 
ütanium, zirconium, and thorium. 

The chemical properties of these elements are similar, and the 
remarkable similarity between the elements zirconium and hafnium 
can be partially explained by the perfectly similar arrangements of 
electrons in their two outermost quantum levels and their nearly 
identica] atomic size. 

е electron configurations of zirconium and hafnium are: 

Zr 18'28'2p' 3s' Зр" 3d” 48° 4p* 4d? 5s? 

18' 28° 2p* 3s? 3p* 34948 4р? 4d” 4f'* 5s? 5p° 5d? 6s" 


ңғ“ ^ — A9 еч ч Anh “Сі. а-а > 
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The expansion of hafnium over zirconium in going from the fifth 
to the sixth period is compensated for by the contraction in filling 
the fourth quantum group (lanthanide contraction) which occurs in 
the elements from atomic number 58 to atomic number 71. The 
atomic radius, ionic radius, and atomic volume for hafnium and 
zirconium are shown below: 


Atomic Atomic ; Ionic : 
Element radius (A) volume 1 (A) radius (A) 
Hafnium........ ]. 442 13. 42 0. 75 
Zirconium ____._- 1. 452 13. 97 0. 74 


1 From Ref. 3. 


Other elements such as silver and gold have similar electronic con- 
figurations and close atomic size, but their chemical properties are 
not too similar. The above explanation, therefore, is not sufficient 
to explain the almost perfect similarity in chemical properties be- 
tween hafnium and zirconium. This suggests that the field effect of 
the underlying quantum levels of electrons on the valency electrons is 
nearly identical. 

The first ionization potential of hafnium is 7.8 ev. The standard 
potential for hafnium ions in aqueous solution is 1.57 volts compared 
with 1.43 volts for zirconium. 


7.3 MECHANICAL PROPERTIES OF HAFNIUM 


Ву W. В. Haynes” J. G. Weinberg? W. D. McMullen,” and 
В. Е. Johnson ? 


The mechanical properties of hafnium have been determined by 
several investigators. They include transverse and longitudinal ten- 
sile properties at room and elevated temperatures, hardness, impact 
properties over a range of temperatures, creep properties, and fatigue 
properties. Where available, information is presented showing the 
effect. of impurities and thermal history on these properties. То 
allow for an evaluation of hafnium as an engineering material, its 
fatigue and creep properties are compared with those of the more 
common engineering materials. 


Tensile Properties 


The tensile properties to be presented here refer exclusively to 
those of strip produced from arc melted iodide crystal bar. Because 
these properties are influenced to a great degree by the thermal his- 


3 Westinghouse Atomic Power Division. 
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tory of the material, as well as by the impurity content, the data 
obtained by the several investigators exhibit a fair degree of scatter. 
To present a reasonably clear picture of the tensile properties of 
hafnium, those obtained on fully-annealed material are presented 
first. Typical properties of material annealed at somewhat lower 
temperatures are then shown for comparison. The effect of cold 
work and copper content on tensile properties is also demonstrated. 

The tensile properties [40, 41] of material annealed at 926° C 
(1,700° F) for 15 minutes are presented in Table 7.12 and in Figure 
7.9. Both yield and tensile strength show a steady regular decline 
with temperatures from 80 to 700° F. That a slight anisotropy in 
tensile properties exists is shown by the difference between longi- 


tudinal and transverse properties at 80 and 700° F. Transverse. 


tensile strength at 80 and 700° F is lower than the longitudinal 
value. Transverse yield strength at these same two temperatures is, 
however, higher than the corresponding longitudinal values. Similar 
behavior is seen in zirconium. 
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FiaurE 7.9. Tensile Properties as a Function of Temperature; Arc-Melted 
Iodide Hafnium, Annealed at 926° C (1,700° F) for 15 Minutes. 
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TaBLE 7.12—TYPICAL MECHANICAL PROPERTIES OF ANNEALED 
ARC MELTED IODIDE HAFNIUM STRIP 


A. AVERAGE LONGITUDINAL TENSILE PROPERTIES OF ANNEALED STRIP ! 


Temperature 0.2% yield strength | Ultimate tensile Elongation (%) Percent reduction 








(psi) strength (psi) in area 

°С oF Ave. |844. Dev Ave. |84. Dev Ave Std. Dev Ave Std. Dev 
27 80 33, 600 3, 100 64, 800 5, 300 28 2.5 27 2.5 
149 900 28, 700 2, 400 53, 200 4, 100 29 4.6 44 3.6 
260 500 22, 900 2,250 42, 000 3, 200 96 6.1 46 3.9 
871 700 15, 700 1, 900 83, 700 2,100 43 86 57 3.7 

B. AVERAGE TRANSVERSE TENSILE PROPERTIES OF ANNEALED STRIP ! 
27 80 29, 600 8, 200 60, 100 2, 600 25 5.8 38 4.4 
871 700 18 100 1, 900 28, 600 1, 700 50 9.2 63 5.5 


























С. EFFECT ОР 15% COLD REDUCTION ОМ LONGITUDINAL TENSILE PROPERTIES? 


Temperature 0.2% yield | Ultimate 
strength tensile 
(psi) strength 








°C THEE (psi) 
27 80 50, 000 79, 000 
260 500 35, 000 50, 000 


1 Annealed for 15 min at 926° C (1,700° F). 
з Cold rolling followed by 1-hr anneal at 704? C (1,300? Е). 


Tensile properties for hafnium heat treated at 750° C (1,382? F) 
for 30 minutes are plotted in Figure 7.10 [42—45]. 

If the values in Figure 7.10 are compared with those in Figure 
1.9, it is seen that the variation of properties with temperature is 
essentially the same. "The difference appears to be in the amount 
of scatter in the average values. The results of Figure 7.9 are based 
on material annealed at 926? C for 15 minutes, whereas those of 
Figure 7.10 refer to material annealed at a lower temperature, 7509 C, 
for 30 minutes. Data presented in the physical metallurgy section 
indicate that the material is not fully annealed until it is heated to 
at least 9009 C. "Therefore, more scatter is to be expected in the 
properties of the material treated at 750? C than in those of the 
material annealed at 926? C. 
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ЕтоовеЕ 7.10. Tensile Properties as a Function of Temperature; Arc-Melted 
Iodide Hafnium, Heat Treated at 750° С (1382° F). 


Some interesting observations on the mode of fracture of hafnium 
tensile specimens have been made by Johnson [46]. Johnson used 
vacuum-melted iodide hafnium which was hot rolled to strip, heat 
treated in vacuum for one hour at 700° C, and furnace cooled. The 
tensile data, obtained over a range of temperatures of 25 to 800° C, 
are shown in Figure 7.11. These data compare favorably with those 
shown in Figures 7.9 and 7.10. There are several points about these 
data that should be emphasized. 

1. Apparent upper yield point—Several load-elongation curves 
showed a maximum load value at an elongation smaller than that 
associated with necking down. This was observed only when testing 
transverse specimens and was most pronounced at 200° C. Two load- 
elongation curves, shown in Figure 7.12, illustrate this point. The 
load-elongation curve for a transverse specimen tested at 200? C and 
showing this effect is shown along with one tested at 600? C in which 
the effect is not quite so pronounced. Johnson interprets this 
phenomenon as being associated with grain boundary rotation dur- 
ing testing whereby a reduction in load may occur as particular slip 
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FicuRe 7.11. Tensile Properties as a Function of Temperature; Vacuum Arc- 
Melted Hafnium, Heated 1 Hour at 700° C (1292? Г); Strain Rate 5 Percent 
per Minute. 


systems become aligned in the direction of the critical resolved shear 
stress. If this is, in fact, the mechanism, then it would be expected 
that the appearance of the observed phenomenon should be sensitive 
to specimen orientation. The fact that this phenomenon has been 
observed only for transverse specimens tends to confirm these views. 
Furthermore, this observed behavior, according to the proposed 
mechanism, should also be temperature dependent, because, as the 
temperature increases, it is easier for grains to rotate, and thus more 
active slip systems become available. The fact that the appearance 
of the yield point is more pronounced at 200° C than it is at 600° C 
again confirms the proposed mechanism. 

2. Uniform elongation—ln Figure 7.11, the uncertainty of the uni- 
form elongation at the higher temperature arises from an interpreta- 
tion of the load-elongation curve. Ав noted in Figure 7.11, at 
temperatures in the vicinity of 400° C, the curve for the longitudinal 
specimens reaches a maximum and then continuously decreases. In 
many materials which exhibit considerable work hardening ten- 
dencies, the maximum in the load-elongation curve has been found 
to correlate quite well with the point of mechanical instability. There 
is no assurance, however, in the case of hafnium, that necking down 
at high temperatures actually begins at strains slightly in excess of 
the 0.2 percent offset yield strength. If, in fact, a mechanism such 
as grain rotation does bring about a reduction of load under exten- 


PHYSICAL METALLURGY AND PROPERTIES 231 


Sion, the maximum in the load-elongation curve would not be an 
adequate measure of the usually accepted meaning of uniform 
elongation. Unfortunately, the actual strain at which mechanical 
instability did occur in the various specimens was not determined. 

3. Reduction of area—Measurement of the reduction of area of 
these specimens was relatively complex for, as temperature of testing 
increased, the fracture area became more and more elliptical. These 
are shown in Figure 7.13. 

Johnson further interprets his tensile property data in terms of the 
possible existence of a strain-hardening phenomenon at temperature 
near 500? C extending over a 400? C range of temperatures. This 
behavior is reflected especially by transverse total elongation data 
but not particularly by the data on reduction in area. "This kind of 
behavior has been noted previously in zirconium and Zircaloy-2 by 
Mehan [47]. 
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FIGURE 7.12. Load Elongation Curves for Transverse Specimens of Hot-Rolled 
Vacuum-Melted Iodine Hafnium Tested at the Indicated Temperatures; the 
Top Curve Displays an Apparent Upper Yield Point. 
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FIGURE 7.13. Vacuum-Melted Hafnium Crystal-Bar Tensile Specimens ; Orienta- 
tions, Specimen Numbers, and Testing Temperatures Are as Indicated. 


No firm explanation is available for the observed “yield point” 


behavior in the load-elongation curves of some of the transverse 
specimens or for the triangular-shaped fractures of the longitudinal 
specimens. 


True Stress-Natural Strain Curves 


Figure 7.14 shows true stress-natural strain curves plotted for high 
purity iodide hafnium, titanium, and zirconium. The curve for 





ао O D а 22 
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hafnium refers to the vacuum-melted material discussed in the pre- 
vious section [46]. The curve for zirconium represents high purity 
erystal bar zirconium sheet samples (longitudinal) annealed in 
vacuum for 20 hours at 750° C and furnace cooled [31]. The curve 
for titanium relates to high purity crystal bar titanium [48], arc 
melted, hot rolled, annealed to obtain 0.01 mm minimum grain size, 
and tested at a cross-head speed of 0.005 in./min. until plastic strains 
were attained. At this point, the cross-head speed was changed to 0.01 
in./min. A 14-inch diameter, round, longitudinal specimen was used. 

Generally, these three high purity materials exhibit true stress- 
natural strain curves which appear to be related to the c/a ratio of 
each of these close-packed hexagonal metals. It is interesting to 
note that the c/a ratios of these three metals, shown in Table 7.18, 
are less than the ideal ratio for closest atomic packing (1.633). 
Furthermore, inspection of the curves in Figure 7.14 indicates that, 
with respect. to increasing strength and increasing rate of work 
hardening as indicated by the slope of the linear portion of the 
plastic region, the order of the metals is zirconium, titanium, and 
hafnium. Comparison of this information with that in Table 7.13 
indicates that the order of increasing deviation from the ideal c/a 
ratio is the same as that for increasing strength and increasing rate 
of work hardening. Thus, it is evident that for the hexagonal metals, 
hafnium, zirconium, and titanium, the c/a ratio is at least a quali- 
tative indication of the nature of the true stress-natural strain curve. 


5, TRUE STRESS , psi X 10? 
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FIGURE. 7.14. True Stress Natural Strain Curve for High Purity Iodide Hafnium, 
Zirconiun, and Titanium. 
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This behavior is probably related to the allowable degree of lattice 
slip as the ideal c/a ratio is approached. 

When true stress-natural strain data for hafnium, zirconium, and 
titanium are plotted logarithmically (log. 9 vs log. $), a straight line 
relationship exists in the plastic region up to and perhaps just beyond 
the limit of uniform tensile strain. The empirical relation о=А 5" 
can.therefore be applied. Тһе coefficient, n, which is a measure of 
the capacity of the material to work harden, is the slope of the log- 
arithmic curve described above. Table 7.14 shows some values of п 
for hafnium, titanium, and zirconium. 


TABLE 7.13—c/a RATIOS FOR HAFNIUM, ZIRCONIUM, AND TITANIUM 


Metal s c/a Ratio 
Zirconium. —-------------------------- 1. 593 
Тїапит____—._.---------------------- 1. 587 
Напі 2222 о а адыш 1. 581 


V 


TaBLE 7.14—WORK HARDENING COEFFICIENTS FOR HAFNIUM, 
TITANIUM, AND ZIRCONIUM 


Metal n Reference 
Hafnium............ UNT M 46 
Titanium. ..........- 0.09-0.16---------- 31 
Zirconium. .......... 0.05-0.25---------- 31 


Because the actual value of п depends to a significant extent on 
the degree of prior cold work in a material, nothing more can be 
said about the value for hafnium other than that it is within the 
range of values exhibited by titanium and zirconium. 


The Effect of Copper on Tensile Properties (|48, 45 | 


Figure 7.15 shows the manner in which copper increases yield 
strength and decreases total elongation for hafnium strip tested in 
the longitudinal direction. Again, this material was not fully an- 
nealed so that a considerable scatter appears, particularly in the yield 
strength values. It appears that an impurity level of 60 ppm of 
copper increases the yield strength about 15 to 20 percent above that 
for a copper level of approximately 10 ppm. The significance of 
this effect of copper on hardness is that increasing copper above 120 
ppm leads to a loss of fabricability. 


Hardness 


The hardness of hafnium is influenced very markedly by the 
amount of cold reduction the material has received [42]. Figure 
7.16, which is a plot of hardness versus cold reduction, indicates that 
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FIGURE 7.15. Yield Strength and Percent Elongation as a Function of Copper 
Content for Arc-Melted Iodide Hafnium Strip; Longitudinal Orientation, 
Heated at 750° C for 1 Hour. 
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FIGURE 7.16. Hardness vs. Percent Reduction in Cold Rolling; Arc-Melted Iodide 


Hafnium. 
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up to about 12 percent cold reduction by rolling, the hardness in- 
creases linearly from 190 at zero percent to about 260 DPH. Above 
12 percent cold reduction, the hardness values appear to approach a 
level of approximately 265 DPH. This significant effect of cold work 
on hardness is very likely reflected in strength values and points up 
the importance of annealing at a temperature high enough to remove 
all traces of cold work to obtain consistent and reproducible tensile 
results. 


Impact Properties 


The impact. properties of annealed, arc melted crystal bar hafnium 
have been determined in a combined study by Wessel [40] and Good- 
win and Lorenz [41]. Longitudinal subsize Izod specimens, 0.2 x 0.2 
x 1.5 inches, with “У” notches machined perpendicular to the rolling 
plane were cut from hot rolled strip which had been annealed at 
926° С (1,009 Е) for 15 minutes. Samples were then tested over 
a range of temperatures from —100 to 600° F on a Bell Telephone 
Laboratory Impact. Machine. Selected data from these studies are 
tabulated in Table 7.15 and are plotted in Figure 7.17. Several 
features of these data are worthy of mention: (1) the amount of 
energy absorbed at each temperature is relatively low; (2) at 989 С 
(200° F) and higher, the specimens did not fracture completely. The 
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FIGURE 7.17. Average Impact Properties of Arc-Melted Iodide Hafnium Strip, 
_ Transverse Specimens; Annealed at 1,700° F for 15 Minutes. 
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magnitude of the values reflects the fact that subsize samples were 
used. The fact that specimens above 93° C (200° F) did not fracture 
completely detracts from the meaning of the values of energy 
absorbed for each of these specimens. Zircaloy-2 subsize impact 
specimens also exhibit both low impact strength values and incom- 
plete fracture. 

It is difficult to interpret such data in terms of describing hafnium 
as a brittle or a ductile material. These data do not indicate clearly 
a transition temperature. Although Wessel suggests that the appear- 
ance of the fracture at temperatures below 93° C (200° F) indicates 
a brittle condition, recent unpublished results obtained at Bettis 
indicate subsize impact specimens of comparable material fracture in 
a ductile manner as revealed by careful measurements of the fracture 
area. Lack of more extensive data on this subject precludes any 
further discussion at this time. 


TABLE 7.15—IMPACT DATA ON ANNEALED, ARC MELTED, CRYSTAL 
BAR HAFNIUM 


Test temverature 


Energy absorbed (ft-Ib) Remarks 
ec ор 
— 73 — 100 | 1.6 to 2.8........... Total failure. 
—18 On) 17 4632032 НЕЕ Total failure. 
27 80 | 2.3 № 3.1----------- Total failure. 
93 200 | 3.2 їо 4.5----------- Incomplete failure (90% of cross 
section failed). 
149 300 | 3.9 to 5.8__________- Incomplete failure (80%-90% 
of cross section failed). 
260 500. осо Incomplete failure (50% of cross 
section failed). 
316 600 | олова Incomplete failure (50% of cross 


section failed). 


The Effect of Irradiation on the Properties of Hafnium 


Very little work has been done on this subject. The data that do 
exist are quite sparse and incomplete. Goodwin and Lorenz [41] 
performed pre-post studies on the effect. of neutron irradiation on the 
impact strength and hardness of arc melted crystal bar hafnium. 
Irradiations were performed on specimens in NaK-filled capsules 
whose temperatures were neither controlled nor measured. The total 
integrated neutron flux varied from 3 to 9 X 10% nvt in which the 
ratio of thermal to fast flux was estimated to be 20:1. Room tem- 
perature impact values of the irradiated subsize Izod impact specimens 
are approximately 60 percent of those of the unirradiated specimens. 
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Furthermore, the average hardness value of the irradiated specimens 
(245 DPH) is approximately 35 percent higher than that of the 
unirradiated specimens (179 DPH). Although these qualitative 
trends are evident, no further interpretation of these data should 
be made. 

Very recent unpublished results have been obtained at Bettis Plant 
on the effect of neutron irradiation on the properties at room tem- 
perature, 149° C (300° F), and 371° C (700° F) of arc-melted 
crystal bar hafnium exposed to an integrated fast flux of 2х 10?! nvt 
(>1 mev) at a temperature of 245° C (470° F). These data are 
shown in Table 7.16. These results are to be compared with typical 
values of material with comparable thermal history, Figure 7.10. 
Such а comparison indicates that a significant (factor of two) increase 
in yield strength has been brought about in the irradiated samples. It 
is interesting to note that the tensile strength has increased only 
slightly, and the ductility, except for the elongation at 371° C (700° 
Е), decreased less than 33 percent. 


TABLE 7.16—TENSILE PROPERTIES OF IRRADIATED, ARC-MELTED, 
CRYSTAL BAR HAFNIUM AT 25° C (77° F), 149° C (300° F) AND 371° C 
(700° F)—MATERIAL HEATED FOR 1 НВ AT 700? С PRIOR TO IR- 
RADIATION 


Yield strength (psi Х 10-7) 
Tensile Total elong | Reduction in 


Test temp. a е a САБИНА strength (%) area (%) 
(psi X 10-3) 
0.2% 0.5% 
25° C (77° F) :!_____. 67. 0 72. 0 81.9 18. 9 25. 1 
149° С (300? Е) ,..... 57.2 59. 9 03. 2 23. 4 87.1 
371° С (700? Е) ,____ 36. 5 87. 5 39. 5 24.3 88.1 
1 Average of three tests. 


3 Average of two tests. 
Creep Properties 


A summary of the available information on the creep properties 
of crystal bar hafnium is presented in Figure 7.18 where stress is 
plotted against minimum creep rate [39]. Three temperatures, 260° 
С (500° Е), 370? C (700° Е), and 399° С (750° Е), are represented. 
Data pertaining to crystal bar zirconium [49] and Zircaloy [50] are 
presented for comparison. Several important conclusions may be 
drawn from these curves: | 
(1) At a given test temperature and stress level, the minimum creep 

rate is lower for longitudinal samples than it is for transverse 
samples. 


STRESS, psi X 1075 
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FrGURE 7.18. Creep Properties of Hafnium, Zirconium, and Zircaloy-2: (*) 


Forged at 927° C, Extruded at 871° C, Swaged, then Annealed for 20 Hours 
in Vacuum at 750° C, (**) Forged at 899° C, Rolled at 927° C, then Held at 
927° О in Argon for 15 Minutes (+) Forged at 1095° C, Rolled at 980° С, 
then Annealed for 20 Hours in Vacuum at 900° С, (11) Hot Forged and 
Rolled at 760° C, Cold Rolled 10 Percent, then Annealed for 20 Hours in 
Vacuum at 750° C [from Refs. 39, 49 (Courtesy of the American Society for 
Testing Materials), and 50]. 


(2) There is a definite lack of temperature dependence of the stress 


to cause a minimum creep rate of 10-6 to 10° in./in./hr. 


(3) The stress values plotted as representing a minimum creep rate 


of 1 in./in./hr. represent ultimate tensile strengths at tempera- 
tures corresponding to the temperatures of the creep tests. The 
creep data appear to extrapolate to these values. 


(4) For each set of creep data, the nominal stresses in the region 


of normal engineering design creep rate, 10-6 in./in./hr, are above 
the respective yield strengths. Therefore, it is not expected that 
the creep properties of hafnium at the temperatures discussed 
here would be limiting in most designs. 


(5) The stress associated with a minimum creep rate of 10-9 in./in./hr 


for hafnium is approximately twice that for crystal bar zir- 
conium at 2609 C (500? F). Тһе creep strength of hafnium is, 
however, essentially the same as that of Zircaloy-2 at a given 
temperature. 

It is expected that the creep properties of hafnium should be quite 


similar to those of zirconium and titanium. All three metals, haf- 


nium, zirconium, and titanium, have less than ideal c/a ratios. 'This 
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indicates that the close-packed planes are {1010} rather than the 
basal planes, which allows for many slip systems other than basal 
slip normally connected with close-packed hexagonal metals. The 
primary slip system in titanium and zirconium is the (1010) <1120> 
[31]. Many secondary slip systems and twinning systems have also 
been observed in zirconium and particularly in titanium. Studies of 
the slip systems in hafnium have yet to be made but would be ex- 
pected to be the same as those found in titanium and zirconium. The 
three metals in this group, as far as strength properties are concerned, 
behave as though the allotropic transformation temperature were 
the melting temperature. 

Large plastic deformation during loading and in the first stage 
of creep make any deformation in the second or linear rate portion 
rather insignificant. The deformation is large even at relatively low 
minimum creep rates. This is found in both alpha-annealed crystal 
bar zirconium and Zircaloy-2 and Zircaloy-3, though in hafnium, the 
plastic strains are much larger (a factor of ~2 greater than 
Zircaloy-2). 

The rate-controlling mechanism for creep in hafnium at these 
intermediate temperatures is likely to be the nucleation of cross slip 
or the intersection of dislocations. Тһе high temperature creep 
mechanism such as dislocation climb would probably be insignificant 
at these temperatures since this latter mechanism is generally operative 
at temperatures above one-half the absolute melting point or, possibly 
for metals in this group, above one-half the absolute transition tem- 
perature. In general, the application of a creep rate law, such as that 
proposed by G. Schoeck [51] which would allow extrapolation of 
existing data, is rather difficult for any material, particularly with 
only a limited amount of data, and therefore has not been attempted. 


Fatigue Properties 


The fatigue properties of hafnium were determined on un-notched 
and notched specimens at room temperature [39] and (009 F. АП 
specimens were machined from rolled plate 0.230 inch thick, taken 
both parallel with and perpendicular to the rolling direction of the 
plate. 


Specimen Preparation 


Approximately 15 mils of material were machined from each sur- 
face of the rolled plate, thus producing specimen blanks approxi- 
mately 0.200 inch thick. Although some of the specimens tested were 
used with the -as-machined surface, a number of specimens were 
carefully polished after machining to remove all machining marks. 
Still other specimens were ground and polished before testing. АП 
notched specimens were fabricated by grinding and were carefully 
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checked for dimensional accuracy following the grinding operation. 
All specimens were vacuum-annealed at 865° C (1,600° F) following 
the machining and grinding operation. 


Specimen Dimensions 


The following pertinent dimensions apply to both the un-notched 
and notched specimens. The un-notched specimens were 0.195-0.200 
inch thick and 0.375 inch wide at the minimum reduced section. 

The dimensions for the notched specimens were essentially the 
same as those for the un-notched specimens, except. for a 60° V-notch 
ground 0.015 inch deep with a root radius of 0.005 inch. Two notches, 
on opposite sides of each specimen, were ground perpendicular to 
the width of the specimen at the minimum reduced section (0.375- 
inch dimension). Based on Neuber’s theory and corrected by the 
Mises criterion for failure, a theoretical stress concentration factor 
(A+) of 2.57 was produced in the notched specimen with the above 
dimensions. 


Fatigue Testing Equipment 


The machine used for conducting all tests in this investigation was 
a SF2 constant force testing machine. The machine was adjusted to 
produce a completely reversed stress cycle. While in operation the 
machine applies a completely reversed bending moment to the speci- 
men which is loaded as a cantilever beam. The alternating force is 
produced by controlling an adjustable unbalanced weight rotating at 
a fixed speed of 180 cycles per minute, calibrated to produce the 
desired constant. force. All elevated temperature tests were con- 
ducted on the same machine utilizing a globar furnace partially 
surrounding each specimen at the test section controlled to +30 F° 
of the test temperature by a thermoelectric controller. 


Test Results and Discussion 


A summary of the fatigue properties of hafnium are shown in 
Tables 7.17 and 7.18 and plotted in the form of conventional S-N 
curves in Figures 7.19 to 7.29 (stress versus logarithm of the number 
of cycles to failure). Table 7.19 shows the strength reduction factor 
(Ку)? of hafnium at 2X10' cycles. In evaluating the relative 
notch sensitivity “g” for a given material, the following relation is 


usually employed: E The closer “4” approaches unity, the 
уе F] q ар] 





more notch sensitive the material. Most engineering materials show 
values less than one. Tables 7.20 and 7.21 show the “9” values for а 
number of engineering materials for comparative purposes. 


3 Ki—the fatigue strength of an un-notched specimen divided by the fatigue strength 
of a notched specimen at an equal number of cycles. 
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—— NO FAILURE 


1,000,000 


CYCLES 


100,000 
FIGURE 7.20. Room Temperature Fatigue Test Data for Hafnium (Transverse). 





184 OOO! "5534165 


519561 0--60----1Т 


THE METALLURGY ОЕ HAFNIUM 


244 


“(тваррпҙіЗаот) (Я 2002) О 212628 umnpugeH 10; BILA ISIL NIB 1:2 380014 


$97945 


000'000'00! 000'000‘0! 000'000“ -- 000001 000" ч 















ор 


OS 


E бол шышы 


245 


PHYSICAL METALLURGY AND PROPERTIES 


`(әвдәлвивдт,) (Я 200)) О -TLE 28 UmjugeH 10} WIBA ISIL эпЗИзя 720) TAVIA 


$91945 


000'000'001 000'000'0! 000'000'! 000'00! | 000'02 


© 
=-х —-X 







© 


2 
ot 


1$9 ООО! “553815 


246 THE METALLURGY OF HAFNIUM 


Another ratio frequently employed in evaluating un-notched fatigue 
properties for steels is the endurance or fatigue ratio which is the 
ratio of the un-notched endurance strength to the tensile strength. 
For most ferrous alloys, the value is approximately 0.5. Relative 
values of this ratio for a number of engineering materials as com- 
pared with hafnium have been included in Tables 7.20 and 7.21. It 
can be seen that this ratio for hafnium is approximately the same 
as that for steel. 

It might be well to comment briefly on the two basic methods of 
conducting fatigue tests and the type of information that can be 
obtained from each type of test. One type of fatigue test is the con- 
stant load test in which the load remains constant during the entire 
life of the specimen; the second type of test is the constant deflection 
test wherein the deflection is held constant by varying the load. 





` TABLE 7.17—FATIGUE TESTS ОЕ HAFNIUM (TRANSVERSE) 


Btress Cycles to Surface Stress Cycles to Surface 
(psi) failure (psi) failure 
Un-notched—Test at R.T. Un-notched—700° F | 
| 
38, 500 23,000 | Polished. 20, 000 145,000 | Ground and polished. - 
32, 000 29, 000 Do. 18, 000 2, 804, 000 Do. 
28, 000 | 115, 900, 000 Do. 16, 000 | 146, 000, 000 Do. 
30. 000 31,000 | Rough ground. 19, 000 477, 000 Do. 
30, 000 44, 000 Do. 17, 000 | 136, 000, 000 Do. 
26, 000 | 120, 318, 000 Do. 18, 000 952, 000 Do. 
28, 000 535, 000 Do. 17, 500 388, 000 Do. 
27, 000 850, 000 Do. 17, 500 1, 596, 000 Do. 
Notched—R.T. Notched—700° F 
22. 000 2, 416, 000 17, 200 695, 000 
20, 000 2, 384, 000 15, 000 2, 520, 000 
18,000 | 120, 000, 000 14, 800 2, 300, 000 
25, 000 539, 000 13, 000 9, 420, 000 
20, 000 2, 484, 000 12, 000 | 130, 880, 000 
19, 000 | 123,000, 000 13, 500 7, 414, 000 
21,000 3, 450, 000 12, 000 | 151, 000, 000 
19, 500 | 125, 250, 000 21, 000 37, 000 


1 No failure. 
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TABLE 7.18—FATIGUE TESTS ОЕ HAFNIUM (LONGITUDINAL) 





Stress Cycles to Surface Stress Cycles to Surface 
(psi) failure (psi) failure 
Un-notched—R.T. Un-notched—700° F 
26, 600 88,000 | Ground. 17, 000 385,000 | Ground and polished. 
23,000 | 120,000, 000 Do. 15,000 | 136, 000, 000 Do. 
24, 000 20, 000, 000 Do. 19, 000 72, 000 Do. 
26, 000 1,070, 000 | Rough. 16, 000 25, 880, 000 Do. 
24,000 | 120, 700, 000 Do. 16, 500 36, 000, 000 Do. 
25,000 | 115, 227, 000 | Ground. 16, 500 68, 000, 000 Do. 
26, 000 3 932, 000 Do. 18, 000 1, 186, 000 Do. 
Notched—R.T. Notched—700°F 
19, 000 3, 826, 000 17, 000 570, 000 
16,000 | 120,000, 000 13, 000 3, 590, 000 
17. 000 5,133, 000 22, 000 11, 000 
18,000 | 44, 390, 000 11,000 | 12,045,000 
21,000 3 1, 571, 000 12, 000 | ! 21, 000, 000 
23, 000 1,120, 000 14, 000 14, 116, 000 
20, 000 1, 835, 000 20, 000 44, 000 


12, 750 2, 722, 000 





1 No failure. 
з Failed in grips. 
! Not annealed. 


TaBLE 7.19—SUM MARY OF FATIGUE PROPERTIES OF HAFNIUM 
(2 x 107 CYCLES) 





Test Fatigue 
temper- strength T.8. Endurance 
Specimen type ature at 2 x 107 (psi) Ky ratio 4 
(9 Е) cycles 
(psi) 





TESTED TRANSVERSE TO ROLLING DIRECTION 





Un-notched................... R.T 27,500 55,000 |............ 0.50 |[..--.-------- 
1), d o escono esie 700 17, 500 27,000 |............ 0.65 [..------.--.-- 
Notched. ..................... R.T 19, 500 |............ 1.41 1... E 0. 23 
Пр ИЕ ОРУОЛА ИЕ 700 12,500 |..---------- 1.40 |------------ 0.23 


TESTED PARALLEL ТО ROLLING DIRECTION 





Un-notched................... R.T 25, 000 57,200 |..---------- 0.435 |............ 
DOs 2 а Доры 700 17, 000 31, 000 |............ 0.550 аа 
Notched...................... R.T 16, 500 |............ 1.52 |------------ 0. 26 
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TaBLE 7.20—FATIGUE DATA FOR ZIRCONIUM AND ZIRCONIUM 
ALLOYS [31]! 


Fatigue strength 
Test Tensile 10’ cycles (psi) 


Materials temper- | strength Fatigue | Ky 10’ q 
ature (psi) ratio cycles 
(° C) Un- Notched 
notched 
Zr Iodide..........-...---.----- R.T. | 33,300 | 21,000 8,000 | 0.63 sli 
Zr Iodide. 2 es 400 12, 800 10, 500 6, 500 0. 82 15] 
Zr Iodide....... ume КЕТ R.T. 93, 700 56, 000 12. 000 0. 60 4.7 Е 
Zr Iodide 0.3 w/o Оз........... 400 22, 400 15, 000 6, 000 0. 67 2.5 И 
1 Zr 2.2 w/o 8n................. 400 21, 100 18, 000 8, 000 0. 85 2.3 |.--------- 
Svonge Zr 2.5 w/o Sn 0.14% Оз__ 400 31, 500 24, 000 8, 000 0. 76 2-8 1... 22 
Zircaloy-2 beta-quenched and 
alpha-annealed............... 316 34,400 | 227,500 | 211,000 0.80 2.5 0.60 

Base annealed. ................. 316 16, 300 28, 000 9, 000 0. 87 3.1 0.85 


1 Courtesy of В. Lustman and Ғ. Kerze, Jr., Addison Wesley, and the USAEC. 
3 These values represent 108 cycles. 


TaBLE 7.21—FATIGUE DATA FOR SEVERAL ENGINEERING 
MATERIALS [31] 


Test Tensile 
Material temperacure strength Fatigue ratio q 

(Ib/in.?) 
24 ST-Al АПоу................ R.T. 69, 900 0. 37 С. 61 
КӨМ uet ut dee R.T. 40, 100 0. 47 0. 64 
SAE 2330--------------------- R.T. 150, 000 0. 50 1. 88 
18-8 54а1езз----------------- R.T. 210, 000 0. 52 2. 16 
Com. Pure Titanium........... R.T. 64, 000 0. 80 0. 45 
SAE 4340-22-22 sone oS R.T. 150, 000 0. 49 1. 56 


1 Courtesy of B. Lustman and F. Kerze, Jr., Addison Wesley, and the USA EC. 


In the former test, the stress cycle may vary considerably depend- 
ing upon the work hardening properties of the material. Further- 
more, with the initiation of the first crack in a constant load test, 
the crack propagates at an increasing rate with each ensuing cycle, 
whereas in the constant deflection test, the load decreases once the 
crack has been initiated. Usually the results of both types of test are 
comparable at relatively low stresses. However, with the advent of 
numerous engineering applications in which the life of a component 
may be limited to a relatively few cycles, it is obvious that the type 
of fatigue data used for a particular design is of extreme importance. 
From these general considerations it is evident that the method of 
fatigue testing is an important consideration, particularly with ma- 
terials such as hafnium which show a relatively high work harden- 
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ing rate. Consequently, if hafnium should be used under conditions 

of constant deflection (especially high deflections) then tests of this 

type should be given adequate consideration. 

In summarizing the limited data obtained in this study and con- 
sidering the test method, the following general statements can be 
made: 

(1) Specimens tested parallel to the rolling direction have slightly 
lower fatigue properties than specimens tested transverse to the 
rolling direction. 

(2) The fatigue properties of hafnium at 700? F are considerably 
lower than those at room temperature. 

(3) Although the notches employed decreased the fatigue properties 
appreciably, the strength factor (A,) is considerably lower than 
the theoretical stress concentration factor (A;) indicating that 
hafnium has relatively low notch sensitivity for the particular 
notch and test method employed. 

(4) Hafnium exhibits а fatigue notch sensitivity value “0” which 
is generally lower than most engineering materials. 

(5) Relatively small differences in fatigue strength of hafnium 
occur as a result of surface preparation. 

(6) Inasmuch as hafnium cold works readily, it would be of value 
to compare the fatigue properties of hafnium tested by & con- 
stant deflection method with those obtained in this study by the 
constant load method. 


Modulus of Elasticity [39] 


The modulus of elasticity was determined on hafnium specimens 
cut parallel with the direction of rolling at three temperatures—70, 
500, and 700° F [39]. Тһе values obtained are shown in Table 7.22. 


TABLE 7.22— MODULUS OF ELASTICITY OF HAFNIUM 


Temperoture (°F) Modulus of elasticity (psi) 
rii RR RS 19.8 х 108 
BOO ааа 15.4 Ж 106 
2002-4 cc nct. xd дында а ыы 13.8X 108 


7.4 PHYSICAL METALLURGY AND METALLOGRAPHY 
Ву К. М. Goldman * 


Preferred Orientations іп Hafnium 


Deformation characteristics of hafnium have been studied by Ep- 
pelsheimer and Gould [52]. In their earlier studies, these investi- 
gators were limited by the fact that the material available for their 


* Westinghouse Atomic Power Division. 
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study (crystal bar) showed edge cracking when it was cold rolled 
more than 30 percent without intermediate annealing. It was found, 
however, that at slightly elevated temperatures the material was plas- 
tic enough to be deformed by compression as much as 90 percent total 
reduction. The compression texture after 78 percent compression was 
found to be [0001] rotated 15-309 from the axis of compression. The 
rolling texture is very similar to the compression texture, the (0001) 
plane being rotated 10-25° around a [1010] rotational axis. It was 
also observed that, since considerable spreading occurred during roll- 
ing at 500° C, this deformation may be analogous to compression de- 
formation. These investigators accounted for the texture observed by 
(1122) and (1121) twinning and (1012) twinning, wherein the hex- 
agonal axis is rotated from the compression axis, and by {0001} 
<1120> and {1011} <1120> slip. 

A more extended study of the cold rolled texture of hafnium was 
performed by these same investigators [53]. In this work arc melted 
crystal bar containing 3 w/o zirconium was used. An interesting 
feature of this work, although not related directly to it, is that 
zirconium in solid solution in hafnium does not impair its cold 
rolling properties. Other\ material containing only 0.01 w/o zir- 
conium cracked at 60-70 percent total reduction in thickness. This, 
however, was attributed to the presence of dissolved gases. 

The purpose of the latter study was to determine the cold rolled 
texture of hafnium and to compare this texture with that of other 
hexagonal metals with c/a ratios near to but less than 1.63; that is, 
titanium, zirconium, and beryllium. These data are summarized 
in Table 7.23. 


TaBLE 7.23—COLD-ROLLED TEXTURES OF SOME HEXAGONAL 
METALS WITH SIMILAR c/a RATIOS [53]! 


Angle between 

Direction paral- | basal plane and 

Metal c/a ratio lel to r lling г Ша plane іп 

direction transverse di- 
rection (°) 

Таши ыы cath ранын шы: ent 1. 60 [1010] 40 + 10 

2їгсотїйит_------------------------ 1. 59 11010] 38 + 2 
Beryllium- ------------------------ 1. 58 [1010] 0--65 

Hafnium____________-_-___________- 1. 58 [1010] 25-2 


1 Courtesy of the Institute of Metals. 


Typical pole figures obtained by Eppelsheimer and Gould are 
shown in Figure 7.23. Only the inner 60° was determined because of 
the fact that hafnium is poorly suited for transmission techniques. 
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FIGURE 7.23. Pole Figures for Hafnium Strip Containing 3 Percent Zirconium 
Cold Rolled to 95 Percent Reduction in Thickness; (a) (0002) Dotted Lines 
Indicate Spurious Areas; (b) (1010) ; ; (с) (1011). Scale Is Counts Per 
Second after Correction for Tilting Factor (from Ref. 53 Courtesy of the 
Institute of Metals). 
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The (0002) pole figure contains two extraneous peaks, shown by 
dotted lines, which arise because 20 angles for (0002) and (1011) are 
less than 2° apart. 

The theoretical locations of the peaks, assuming a basal rotation 
of 25° toward the transverse direction about an axis in the rolling 
direction from an ideal (0001) [1010] texture is indicated by small 
dots, squares, and triangles in the (0002), (1010), and (1011) pole 
figures, respectively. 

The symmetry of the (1010) and (1011) pole figures is well defined 
which indicates that the deformed sample assumes a [1010] direc- 
tion. The (0002) peak appears to lie at an angle of 25° with the 
rolling plane rotated about the rolling direction, which is the [1010] 
direction. Although the width of the peak itself and the possibility 
of very small variations in the tilting angle intensity corrections 
precluded the absolute determination of the exact angle of rotation, 
it seems logical to assume that the rotation is 25+2°. It is believed 
that the mechanism for the formation of this deformation texture 
is similar to that described for other metals of similar c/a ratio. 

Very recently, the rolling and annealing textures of hafnium sheet 
were determined by Keeler [54]. Crystal bar hafnium containing 
less than 8 w/o zirconium was used. The deformation texture of 
70 percent cold rolled hafnium was similar to that reported previously 
by Eppelsheimer and Gould. Hafnium sheet annealed in vacuo for 
1 hour at 8009 C and 1 hour at 1,100? C exhibited [1010] pole con- 
centrations which were no longer in the rolling direction. Although 
no unique texture can be derived from Keeler's pole figures, two pos- 
sible orientation descriptions are as follows: (1) [1010] directions in 
the rolling plane 25? from the rolling direction with the basal plane 
tilted about 20? in the transverse direction; and (2) [1010] direc- 
tions rotated 30? from the rolling direction about an axis 25? in 
transverse direction from the normal to the sheet. 


Recrystallization Studies 


Litton [4] reported that samples of iodide hafnium were annealed 
in an argon atmosphere for 1 hour at temperatures of 500 to 8009 C 
after being cold rolled to a 65 percent reduction in thickness. Subse- 
quent hardness measurements and metallographic examination yielded 
the data on the recrystallization behavior summarized in Table 7.24. 
The data indicate that the temperature range over which recrystalliza- 
tion takes place in 65 percent cold reduced iodide hafnium is 700-8009 
C. There appears to have been no definitive study of recovery and 
recrystallization. 

Additional studies of the effect of annealing at a series of tem- 
peratures on the hardness of arc melted iodide hafnium were per- 
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TABLE 7.24—DATA FOR DETERMINING RECRYSTALLIZATION TEM- 
PERATURE IN IODIDE HAFNIUM COLD WORKED 65 PERCENT [4]! 


Annealing tem- Hardness 

perature (9 С) (Рв) Structure 
500- --------------------- 104 Cold worked. 
ООО иль 99 Do. 
ТОО a асасы 93 Partly recrystallized. 
Ы eod AE КЕТКЕ ЕЕЕ 88 Recrystallized. 


1 Courtesy of the Electrochemical Society. 


formed at Bettis Atomic Power Division by Castleman et al. [16]. 
The material was heated for 1 hour in vacuum after cold rolling to 
9, 19, 31, 49, and 65 percent reduction in thickness. The results 
are shown in Figure 7.24, where the hardness resulting from the 
various annealing treatments is shown for each of the cold reduced 
strips. The hardness of the 9 percent cold reduced material decreases 
very gradually, and there is no indication that recrystallization has 
taken place under these particular conditions. No sharp drop in 
hardness is exhibited by the curve for the 19 percent cold reduced 
material. The curves for the material cold reduced 381, 49, and 
65 percent indicate that recrystallization might have occurred near 
800° C. Unfortunately, no metallographic study was made. 

А recent metallographic and hardness study has been made at 
Bettis [55] on are melted iodide hafnium strip which was an- 
nealed for 1 hour at 927° C (1,700° F) and then cold rolled 16 per- 
cent. Samples cut from this strip were heat treated as follows: 

(1) 700° C for 1, 3, 8, and 30 hours. 
(2) 800° C for 1 hour. 

(8) 900° С for 1 hour. 

(4) 1,000° C for 1 hour. 

Hardness values were obtained and metallographic observations 
were made after each of these treatments. Hardness values are 
shown in Table 7.25, and microstructures are shown in Figures 7.25 


TABLE 7.25—HARDNESS (DPH-50 Kg LOAD) OF ARC MELTED CRYS- 
TAL BAR HAFNIUM STRIP AFTER INDICATED HEAT TREAT: 
MENTS 


ANNEALED 1 HR AT 927° c (1,7000 F)—DPH 134, COLD ROLLED 16%—DPH 195 








Time (hr) 
Temperature (° C) 
1 3 8 30 
COO а е 151 145 142 184 
ЗОО 2 даны ымы ша A I сата ыы TAO КЕНЕН ee ee ee eee 
ЗОО Sos ТИ А аи до а TAG a а ЖЕНЕ TEN 
т ООО нен позы Ул ОСТИ. ЕН ЕТЕУ 
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to 7.30. Qualitatively, it appears that, for hafnium cold reduced 
16 percent, recrystallization starts at 700° C (3 hr) and is complete 
between 800 and 900° С. These results are in agreement with 
previous results. 

Further microstructural evidence of recrystallization behavior is 
indicated in the work of Roth [56] in which hafnium crystal bar 
produced by the Phillips Company (The Netherlands) was employed. 
Typical microstructures of as-deposited crystal bar having two dif- 
ferent zirconium contents are shown in Figure 7.31. Microstructures 
of the. same material after reduction in area of 75 percent by cold 


300 


280 


260 


HARDNESS, DPH 
2 
o 


220 


200 


180 





о 200 400 600 800 1000 1200 
TEMPERATURE , °C 
FIGURE 7.24. The Variation of Hardness with Temperature for Arc-Melted 


Iodide Hafnium Cold Rolled from 9 to 65 Percent and Heated for 1 Hour at 
Temperatures from 200 to 1,100° C. 
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FIGURE 7.25. Hafnium Strip, Cold 
Reduced 16 Percent; Electropol- 
ished for 2-80 Seconds at a Current 

Density of 0.015 Amp in a Solu- 

tion Containing 600 cc Methyl 

Alcohol, 60 ce Perchloric Acid (60 

Percent), 360 ce Ethylene Glycol 

Monobutyl Ether, and 2 сс of In- 

hibitor Solvent “X”; 250X, Polar- 

ized Light. 
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К1СОВЕ 7.26. Hafnium Strip, Cold 
Reduced 16 Percent: Heated at 
100? € for 1 Hour : Electropolished 
as in figure 7.25: 250X, Polarized 
Light. 


FicURE 7.27. Hafnium Strip, Cold 
Reduced 16 Percent; Heated at 
700° C for 3 Hours; Electropol- 
ished as in figure 7.25; 250Х, 
Polarized Light. 





FIGURE 7.28. Hafnium Strip, Cold 
Reduced 16 Percent; Heated at 
800° C for 1 Hour ; 250X, Polarized 
Light. 


(Photomicrographs on this page reduced 
55% %.in printing.) 


swaging and annealing for 2 hours at 500, 800, and 1,100° C are shown 
in Figures 7.32 and 7.33. (Тһе as-swaged structures, not shown, are 
essentially the same as that shown for the material annealed at 
500° C.) It is evident that under the conditions prevailing, re- 
crystallization begins at a temperature between 800 and 1,1009 C— 
somewhat higher than indicated by Litton [4]. Similarly treated 
crystal bar containing 24 w/o zirconium was shown by Roth to be 
fully recrystallized after 2 hours at 800° C. 
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FicvuRE 7.20. Hafnium Strip, Cold 
Reduced 16 Percent; Heated at 
900° C for 1 Hour; 250X, Polar- 
ized Light. r 





V e 


М | FQicvuRE 7.81. Microstructure of 


| WE 


Hafnium and Hafnium-Zirconium 
Crystal Bar, As-Deposited. Тор: 





Dd 


Fieure 7.30. Hafnium Strip Cold Hafnium, Bright Light, 100X, 
Reduced 16 Percent;. Heated at Longitudinal. Bottom:  Hafni- 
1000° C for 1 Hour; 250X, Polar- um+2 w/o Zirconium, Bright 
ized Light. Light, 100X, Longitudinal. 


(Photomicrographs on this page reduced 5514965 in printing.) 
Metallography of Hafnium 


The metallography of hafnium is quite similar to that of zirconium 
and titanium. Тһе precautions used for cutting and for preliminary 
polishing on abrasive papers apply equally well to all three mate- 
rials. Therefore, the discussions in this section, although aimed at 
hafnium, will to those readers who are familiar with zirconium 
and titanium, appear quite applicable to these other metals. 

Probably the most significant advancement in the metallography 
of hafnium as well as zirconium in recent years is the chemical 
polish-etch methods developed by Cain [58, 59]. Prior to this de- 
velopment, three other methods had been used with varying degrees 
of success. These are the mechanical [60, 61], the attack-polish 
[62], and the electrolytic methods [56, 57, 63], and they are sum- 
marized in Table 7.26. 
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FIGURE 7.32. Structures Resulting 
from Annealing Hafnium (Trace 
of Zirconium) 2 Hours at Indi- 
cated Temperatures and Water 
Quenching.  Electrolytically Pol- 
ished in a 100 to 5-6 (Volumetric 
Ratio) of Glacial Acetic Acid to 
Perchlorie Acid; 0.4 Amp, 18 у; 
250Х, Transverse, Polarized Light. 
Тор; 1,100° С. Middle: 800° С. 
Bottom : 500° C. 


Ficure 7.33. Structures Resulting 


From Annealing Hafnium (2 w/o 
Zirconium) for 2 Hours at Indi- 
cated Temperatures and Water 
Quenching; Same Polishing 
Method as that of figure 7.32; 
250X, Transverse, Polarized Light. 
Top: 1,100° C. Middle: 800° C. 
Bottom : 500° C. 


(Photomicrographs on this page reduced 50% in printing.) 
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Hafnium is a difficult metal to prepare for microscopic examination 
because of its marked tendency to flow and smear during grinding 
and polishing. It has been reported that hafnium is difficult to 
etch and is sensitive to cold work by abrasion. One means [60] of 
insuring the removal of flowed metal is to prolong grinding and 
polishing times beyond that normally required to remove scratches 
from the preceding step. Those laboratories in which mechanical 
polishing methods applicable to hafnium have been developed in- 
clude the U.S. Bureau of Mines [60], Argonne National Laboratory 
[61], and Westinghouse [61]. 

A. novel adaptation of mechanical polishing techniques 1s that of 
Metz and Woods [62] who reduce polishing times by mixing dilute 
hydrofluoric acid with abrasive for the final polishing steps. 


Electropolishing Techniques 


Probably the most suitable electropolishing method for hafnium 
is that developed by Roth [56, 57]. Тһе prescribed electrolyte is 
a solution of glacial acetic acid and perchloric acid in volumetric 
ratio of 100 to 5-6. Any emery paper polishing that is done should 
be carried only through 3/0 grit because any grit finer than 3/0 has 
& tendency to burnish rather than to remove metal. Several suc- 
cessive immersions in the solution, with the current on, of a few 
seconds duration each with continuous agitation, are much more use- 
ful in obtaining an excellent polish than is a single long-time 
immersion with the sample held stationary. It has been found that 
the most. satisfactory results are obtained when a direct current. of 
0.4 ampere (for wires of 0.080 to 0.2 inch in diameter) and a po- 
tential difference of 18 volts are used. The results of such a tech- 
nique are represented by the.microstructures shown in Figures 7.32 
and 7.33. | 

Another electrolytic polishing technique has been developed very 
recently by Gross at Bettis. The polishing unit used is the DISA, 
distributed by Addehlom Company of America, New York. The 
cathode is made of stainless steel and the electrolyte is composed of 
600 сс of methanol, 60 сс of perchloric acid (60 percent), 360 сс of 
ethylene glycol monobutyl ether, and 2 ce of Inhibitor Solvent “X.” 
A current density of 0.015 amp/mm? is used. Polishing time varies 
from 5 to 30 seconds. To obtain an excellent polish, a high voltage 
must. be used since a low voltage produces an etching effect. 

The preparation preliminary to electropolishing consists of grind- 
ing on a belt sander with a 320X ати belt and rough polishing on 
400Х and 600X grit silicon carbide paper and on 400Х grit silicon 
carbide TRI-M-ITE polishing paper. After the sample is given a 
final polish on a miracloth-covered lap using a slurry of Linde B 
alumina and water, it is then electropolished under the conditions 


519561 O—60 18 
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mentioned above, washed іп water, and dried. The chief advantage 
of this method is that it essentially eliminates any surface distortion. 
The series of photomicrographs shown in Figures 7.25 to 7.30 
represents specimens polished by this method. 


Chemical Polishing 


| 

This is a method developed by Cain [58, 59]. If a detailed struc- 
tural study is required, the sample is given a preliminary polishing 

through 3/0 paper as required for the electrolytic technique. If | 
nothing more than a routine grain size measurement is required, 

the sample need only be ground on a 180X grit silicon carbide | 
paper. In either case, the sample is then swabbed with the chemical 
polishing solution. The various compositions which have been used 
are shown in Table 7.27. It is to be noted that the acid ingredients 
"of the polishing solution work satisfactorily in glycerine, water, ог 
hydrogen peroxide. A few seconds after the specimen has contacted 
the acid, nitrous oxide vapors will be emitted at the sample surface. 
Most samples require 5-10 seconds additional solution contact after 
the appearance of these brownish-yellow vapors. After this time 
has elapsed, the specimen should be immediately washed in cold 
running water and dried. If, for some reason, the specimen has 

not been sufficiently polished, the procedure can be repeated. 

| 

| 

| 


TABLE 7.27—VARIOUS CHEMICAL POLISHING COMPOSITIONS SUIT- 
ABLE FOR HAFNIUM [58]! 


Polishing Solution Composition 
Азы caudate a ашшы зз 45 ті С.Н,ОН.. 
45 ті Н ХО; (сопс). 
8-10 ml НЕ (48%). 


Horses 45 ml Н.О. 
45 ml H NO; (conc). 
8-10 ml HF (48%). 


Oa Piet Sete 45 ml Н,О, (30%). 
45 ml HNO; (conc). 
8-10 HF (48%). 


1 Courtesy of the American Society for Metals. 


Specimens of hafnium which have been chemically polished are 
shown in Figure 7.34. 

Cain [58, 59] states that a metallographic technique must meet four 
requirements: (1) reproducibility, (2) speed, (8) simplicity, and 
(4) versatility. АП of the known methods meet these requirements 
in varying degrees. Mechanical polishing, which is perhaps a slower 
method than the rest, nevertheless can produce good results 1f special 
care 1s taken to avoid distorted structures. Electropolishing methods, 
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FIGURE 7.34. Hafnium Specimens 
Prepared by Chemical Polishing. 
Top: 100X, Bright Light; Hot- 
Rolled [64]. Middle: 100X, Po- 
larized Light; Annealed 700° C 
(641. Botton: Hafnium, Chemi- | / 
cally Polished in Solution B, then | mE А 
Cycled Between Room Tempera- а \ 
ture and 1,300° С іп an Argon | Е \ 
Atmosphere; Successive Grain 
Boundary Positions Revealed by 
Thermal Grooving Are Evident. 
Photographed with Bright-Field | ^ 
Illumination, 100X (from Ref. 58 a 
Courtesy of the American Society 
for Metals). 


(Photomicrographs on this page reduced "m 
50% in printing.) ҒАЙ 





when carefully controlled, produce satisfactory results and are capa- 
ble of speedy performance. One obvious disadvantage of electro- 
polishing with the acetic-perchloric mixture is its tendency to 
explode unless it 15 kept refrigerated. The electrolyte used by Gross, 
methanol-perchloric, is not quite so dangerous. The chemical polish- 
ing technique is certainly satisfactory in that it is simple, speedy, 
reproducible, and versatile. Тһе method used will be determined by 
the tastes of the particular metallographer. All of the above-men- 
tioned methods are capable of producing good results. 
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7.5 CORROSION OF HAFNIUM 
By J. М. Chirigos ° 


One of the attributes of hafnium which makes it a satisfactory 
control rod material in pressurized water reactors is its excellent 
corrosion resistance. It is this property that is the subject of this 
section, and it will be seen below that the corrosion resistance of 
hafnium in pressurized water is superior to that of zirconium. Be- 
cause of the marked similarity between hafnium and zirconium, and 
since relatively little complete information concerning the corrosion 
behavior of hafnium is known, every opportunity has been made to 
compare the properties of hafnium with those of zirconium. The 
material to be covered will consist of discussion of the corrosion 
behavior of hafnium in high temperature, high pressure water, 
chemical reagents, and high temperature dry gases. 


Hot Water Corrosion 


Most of the results to be discussed were obtained from arc melted 
crystal bar hafnium containing 2-5 w/o zirconium. Hafnium has 
not yet been subjected to a systematic study with respect to corro- 
sion kinetics and mechanism in hot water. There are numerous 
engineering data, however, relating to the corrosion resistance in 
water and steam [65]. The corrosion resistance of hafnium is evi- 
dently far greater than is actually needed in practice. There has, 
therefore, been no great practical need for detailed study of its 
corrosion behavior. Corrosion data carrying statistical weight are 
just becoming available. 


Sample Preparation | 


It has been established that it is necessary to bright etch the 
surface of hafnium samples to secure reproducible corrosion test 
results. The pickling solution described here produces а bright 
surface amounting essentially to a metallographic finish. Prior to 
the pickling operation, the specimen may be prepared by machining, 
grinding, or abrading to a finish at least as fine as 63 win. rms. The 
specimens are degreased immediately before pickling. One to two 
mils of metal are then removed from each surface by pickling in a 
solution composed of 38-3 cc of 70 percent HNO; 4-1 cc of 48 
pereent НЕ, and sufficient water to make 100 сс of solution. For 
best results, the temperature of the solution should be between 195 
and 140? F.* Adequate ventilation to remove the poisonous nitrous 


5 Westinghouse Atomic Power Division. 

в The pickling rate of a freshly prepared solution of 38 parts HNOs, 5 parts HF, and 
57 parts water at а temperature of 130° Е with a volume ratio of 200 parts .of solution 
to one of metal will eorrespond to approximately one mil of metal removal per minute 
of immersion. 
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oxide fumes should be provided during the pickling operation. An 
important step of the pickling operation is rinsing to remove acid 
residues from the specimens to prevent staining which will result 
in a mottled gray film during corrosion testing. Samples removed 
from the pickling solution should be immediately immersed in cold 
running tap water and agitated approximately one minute without 
breaking the surface of the water. Specimens should be allowed to 
remain in rinse water for five minutes without touching the sides 
or bottom of the container or resting against other specimens. Ma- 
terial should be then placed in a grade “А”? water bath for a 
sufficient time to remove all acid residues from the surfaces of the 
specimens. The criterion for a properly prepared surface is a 
bright specular appearance with no stains or blemishes. After 
pickling and rinsing, the samples should be carefully dried using soft 
lint-free cloths or tissue. If further degreasing or cleaning is neces- 
sary, wiping with 180-proof ethanol is recommended. 

A. hafnium surface which has not been pickled will, after corrosion 
testing, have a hazy grey appearance and slightly higher weight gain 
than а pickled specimen. Pickling will also help to detect tungsten 
and other inclusion-type defects which might go unnoticed on an 
unpickled surface, since the pickling rate of these particles is differ- 
ent from that of hafnium. 


Experimental Data 


In some instances, reported values for corrosion rates are based 
upon results obtained from one sample and, consequently, the repro- 
ducibility of the data is unknown. In others, the data are based on 
averages of at least 25 samples. These data indicate that, upon ex- 
posure to water, hafnium forms a protective oxide film that grows 
very slowly with time. For example, in 600? F water at 1,500 psi, 
the weight increase of 5.5 mg/dm? that is experienced after 74 days - 
rises to only 6.0 mg/dm? after а total time of 253 days. In 6809 Е 
water at 2,700 psi, a weight gain of 6-9 mg/dm? is attained after 44 
days and essentially remains at this value up to about 200 days. In 
1,500-psi, 750? F steam, a gradual weight increase is observed which 
can be expressed empirically as 

ИУ = 19°, 
where 
K lies in the range 0.32 to 0.76 mg/dm?—days^?*. 
W is Іп mg/dm?, 
and 
$ is the test time in days. 


7 Grade “A” water is defined as distilled and/or deionized water having a pH of be- 
tween 6 and 8 and a specific resistivity of at least 5 x 105 ohm-cm. 
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It is interesting to observe that for times in excess of 70 days in 
750° F steam, the corrosion product is a film that still exhibits inter- 
ference colors. 

Table 7.28 summarizes the corrosion behavior of crystal bar haf- 
nium in hot water and steam. The appropriate data for Zircaloy-2 
are entered for comparison. 


TABLE 7.283—CORROSION IN WATER AND STEAM, APPROXIMATE 
WEIGHT INCREASE IN mg/dm? AT INDICATED TEMPERATURE 


600° F water saturation | 680° F water saturation | 750? F steam (1, 500 psi) 








pressure pressure 
Time (days) c» i NN PNIS 
Hf Zircaloy-2 Hf Zircaloy-2 Hf Zircaloy-2 
ЖД, са Балалы ышкы кы зге 5 14 6-9. 0 27 4-7 48 
| ALS E 6 21 7-9. 0 65 7 210 
DOR EI AL M ы eri (1) 93 (1) 100 9 300 


! Data not available. 


Table 7.28 indicates very clearly that the corrosion properties of 
hafnium in hot water are very superior to those of Zircaloy-2. It is 
to be emphasized that the weight change data for hafnium in this 
table are to be considered only as rough indications of corrosion be- 
havior, since the reproducibility is probably no better than 50 per- 
cent. All data examined indicate higher weight gains in 680° F 
water at saturation pressure than in 750° F steam at 1,500 psi for 
short-time tests (usually less than 100 days). The reasons for this 
behavior are unknown. 

A systematic study of the corrosion behavior of hafnium and asso- 
ciated hydrogen pickup has been initiated by F. A. Nichols [66]. 
Partial data indicate that degassed material (15 mil foil) with a 
pre-corrosion hydrogen content. of approximately 5 ppm does not 
suffer any significant hydrogen pickup after 84 days test in 600 and 
680° F water at saturation pressure and 750° F steam at 1,500 psi. 
Preliminary X-ray analysis of the corrosion product in situ revealed 
monoclinic HfO,. Furthermore, the intensities of lines obtained by 
this technique relative to intensities observed on powder photograms 
indicate a (001) texture in the oxide. Тһе texture in the rolled 
metal sheet was (0001). Тһе partial orientation relationship ob- 
served here for Hf/HfO. is not the same as that observed for 
Zr/ZrOs. In zirconium, the observed relationship was (011) texture 
in the oxide parallel to (0001) texture in the metal [67]. This point 
deserves further investigation. 
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The corrosion resistance of crystal bar zirconium is extremely sen- 
sitive to level of impurities and condition of surface prior to corro- 
sion. From what little evidence there is, it appears that hafnium 
may be superior to crystal bar zirconium and Zircaloy-2 in both 
respects. For example, hafnium sections can be joined by welding in 
air, and, if they are then properly pickled, there is no apparent loss 
in corrosion resistance [16]. Zirconium or Zircaloy on the other 
hand (following such a treatment) would pick up sufficient nitrogen 
to greatly impair corrosion resistance. Тһе specific effect of nitrogen 
contamination on hafnium corrosion can be seen in Table 7.29. Data 
for Zircaloy-2 are entered for comparison. 


Taste 7.20— THE EFFECT OF NITROGEN ON THE CORROSION 
RESISTANCE OF HAFNIUM IN WATER AND STEAM [68] 


Weight gain іп 6809 F Weight gain іп 750° F steam (mg/dm?) 
water (mg/dm?2) 
Nitrogen content (ppm) 


252 days 280 days 95 days 102 days 109 days 116 days 


—————— | | | ——————— | —— | а 


БК): E oro са piis 15 23 22 23 22 24 
ru m ошар 35 48 36 37 37 37 
1000 ИЕ eure 83 94 66 70 70 75 
Zircaloy-2___________- 83 100 87 91 90 110 


The results in Table 7.29 obtained by Kato and Carver [68] at 
the Bureau of Mines, Albany, Oreg., have been interpreted by these 
investigators to mean that the nitrogen tolerance of hafnium is 1,000 
ppm, because at this level of nitrogen, the weight gain per unit area 
of oxygen pickup by hafnium is equivalent to that of Zircaloy-2 
under similar conditions. This is not necessarily the only interpre- 
tation of these observations. The actual nitrogen tolerance of haf- 
nium, however, defined in a way similar to that for zirconium and 
Zircaloy-2 [81], is that nitrogen level above which the rate of corro- 
sion exceeds the normal rate. To determine such a tolerance, it is 
necessary to plot. weight change data versus nitrogen content for the 
several time periods involved and then, from a careful examination 
of the curve, to choose that nitrogen content beyond which the weight 
gain rises significantly above the normal level. Such curves have 
been plotted from the data of Carver and Kato and are presented 
in Figures 7.35 and 7.36. The points at 50 ppm nitrogen represent 
arc-melted hafnium crystal bar suitable for use in nuclear reactors. 
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Кісове 7.35. Weight Gain vs. Nitrogen Content for Hafnium in 680° К Water 
at Saturation Pressure. Numbers on Curves Refer to Exposure Time in 
Days. 


These curves indicate that, on an absolute basis, the nitrogen toler- 
ance is well below 1,000 ppm and very likely below 500 ppm. Un- 
fortunately, the lack of data between 50 and 500 ppm makes it im- 
possible, at this time, to state conclusively the nitrogen tolerance. 
It does appear, however, that the nitrogen tolerance, based on the 
long-time curves at either 750? or 680° F, is less than 500 ppm, 
perhaps at 200-250 ppm. In zirconium (unalloyed) the tolerance 
for nitrogen is about 50 ppm. As the nitrogen level increases, zir- 
conium corrodes more rapidly until, at approximately 100 ppm, dis- 
integration occurs. If the nitrogen tolerances of the two metals are 
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FIGURE 7.36. Weight Gain vs. Nitrogen Content for Hafnium іп 750% F Steam 
at 1,500 psi. Numbers on Curves Refer to Exposure Time in Days. 


expressed in atomic percent, it is still evident that hafnium can 
accommodate more nitrogen than zirconium from the standpoint of 
corrosion resistance. 


Effect of АНоу Additions 


Because the properties of commercial hafnium have been adequate 
for direct nuclear application, little information is available on the 
corrosion of most of its alloys. Nevertheless, the work of Carver and 
Hayes [69] offers a fairly complete picture of the corrosion behavior 
of hafnium-titanium alloys. In this study, alloys of titanium in 
hafnium were made by the addition of 10 w/o increments of titanium. 
The alloy buttons were arc melted and hot rolled to 0.150-inch thick 
sheet. Specimens were given a 900° C, 48-hour vacuum anneal prior 
to corrosion. Unfortunately, this study did not include unalloyed 
hafnium, and, consequently, direct comparison of the effect of tita- 
nium cannot be made. The authors did incorporate a Zircaloy-2 
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standard during corrosion testing. The weight change versus time 
data for 680° F water and 750° F steam are to be seen in Figures 
7.37 and 7.38. The effect of titanium concentration can better be 
seen in Figure 7.39, wherein is plotted the weight gain after 14 days 
in 680? F water versus percent titanium. Тһе datum of zero percent 
titanium is taken from the work of Nichols. This plot indicates a 
minimum in corrosion resistance occuring at «10 w/o titanium in 
hafnium. This behavior is to be compared with that of the zirco- 
nium-titanium system, wherein a minimum in corrosion resistance 15 
to be found in the range of 0.1 to 4 w/o titanium in zirconium [31]. 


Effect of Cold Work 


Samples of hafnium cold reduced 10 percent and corrosion tested 
in 680 and 600? F water for 70 days showed weight gains comparable 
with those observed for nonworked material [70]. Thus, it appears 
that significant amounts of cold work can be tolerated without harm- 
ful consequence. 
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FIGuRE 7.37. Corrosion of Hafnium-Titanium Alloys іп 680? F Water at Satura- 
tion Pressure. 
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FIGURE 7.88. Corrosion of Hafnium-Titanium Alloys іп 750° Steam, 1,500 psi. 


Effect of Irradiation 


A limited amount of data. indicates that the corrosion resistance of 
hafnium is not adversely affected by exposure to irradiation. Sam- 
ples tested for 6 months in 540? F water under 1X 10?? nyt slow and 
1X 10!? nvt fast integrated neutron fluxes exhibited weight changes 
of 7-8 mg/dm?/mo [71]. In addition, hafnium metal has seen exten- 
sive use as a control rod material in operating nuclear reactors with- 
out indications of excessive corrosion under irradiation. 

The above discussion clearly demonstrates the suitability of haf- 
nium ав а reactor material: good corrosion resistance, essentially 
unaffected by small amounts of cold work and contamination. Reli- 
able kinetic data have not been obtained, nor is anything known 
about the mechanism of water corrosion. Until such data аге ob- 
tained, one must. rely solely on the behavior of zirconium as a guide. 


Nucleate Boiling 


The effect of nucleate boiling on the corrosion behavior of hafnium 
in flowing high temperature water was studied by Esper [72]. 
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FIGURE 7.39. Weight Gain vs. Titanium Concentration in Hafnium-Titanium 
Alloys after 14 Days in 680? F Water at Saturation Temperature. 


Tubular specimens of reactor grade hafnium, previously bright 
etched in an aqueous nitric-hydrofluoric acid solution, were exposed 
to water under the conditions shown in Table 7.30. Heat fluxes and 
flow velocities were adjusted so that some specimens were exposed 
under forced convection in a nonboiling condition, whereas others 
were permitted to undergo nucleate boiling. After exposure for 
1,044 hours only a lustrous temper film of corrosion product oxide 
was evident on the two types of specimens. 
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TABLE 7.30—SUMMARY OF TEST CONDITIONS FOR STUDYING THE 
EFFECT OF NUCLEATE BOILING ON CORROSION OF HAFNIUM 
IN DYNAMIC WATER [72] 


Тегі Conditions 

Test duration (hr)-------------------------------------—- 1,044 
Heat flux СВО у: ооо ады 300,000 
Pressure (рар... аы ыа ыны нынан ee 2,000 + 50 
есер) а е оз Баас ыа 4—5 
Nonboiling specimen inlet water temperature (° F)----------- 510 

AT»125* F 
Nonboiling specimen, outside wall temperature (° F)......... 635 
Boiling specimen, inlet water temperature (° F)------------- 585 

AT=75° F 
Boiling specimen, outside wall temperature (° F)............ 660 
|o] v CERE NEN REN T T ERR QE а eee eee ae 10-11 
Resistivity (оһт-ест)-—----------------------------------- 20,000-50,000 
Н, concentration (се/К@)—--------------------------------- 20-30 
О, concentration (ce/kg)---------------------------------- 0.1 


Metallographic examination of sections taken perpendicular to the - 
surfaces indicated that the thickness of the oxide film was 2 х 10-5 
inches both in the case of the boiling and nonboiling specimens. 
Thus, nucleate boiling under those conditions does not result in any 
measurable increase of corrosion rate. Hydrogen analyses were made 
to determine the extent of hydrogen pickup, but the results were too 
scattered to permit а conclusion to be drawn. 


High Temperature Gas-Metal Reactions 
Air 

The first observations made indicated that hafnium had excellent 
resistance to attack by air at elevated temperatures. For example, 
hafnium oxidizes in air at about the same rate as zirconium at 
1,3809 F, but at one-half the rate of zirconium at 1,650? F. . Тһе metal 
can be hot worked at 1,650? F without protection [73]. No syste- 
matic study has been performed. If the behavior of zirconium can 
be taken as a guide, the relatively low reaction rates of hafnium 


with oxygen and nitrogen are not likely to be maintained in oxygen- 
nitrogen mixtures. 


Oxygen 


The only systematic study made thus far of the reaction kinetics 
of hafnium with pure, dry oxygen is that of Smeltzer and Simnad 
[74]. It is to be emphasized that the hafnium crystal bar material 
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used contained about 5.0 w/o Zr. The measurements were made at 
oxygen pressures of 760 mm of Hg and covered the temperature 
range of 350-1,200? C. The course of the reaction was followed 
gravimetrically. A microbalance was used in the temperature range 
350-800? C, while a helical spring balance was used in making meas- 
urements in the range 800-1,200? C. The data were found to suc- 
cessively follow logarithmic, parabolic, and linear rate laws, with 
activation energies of 11.4, 36.0, and 26.1 kcal, respectively. 
The following appropriate logarithmic, parabolic, and linear rate 
equations were found to represent the data: 


(2) 2х0 exp— Ж. gm. J| 1+ (7. 7 exp— т) г | 
(425) =(6x10" exp— 2 T tte (Т), 


Gy T) (6x 10- rape S ЫТ) Е®В(Т): 


Неге, an is the gram quantity of oxygen reacted per square centi- 











meter, t is the time in minutes, А and T retain their usual meaning, 
and а and b are temperature dependent constants. Typical reaction 
curves illustrating the three types of oxidation are.to be found in 
Figures 7.40, 7.41, and 7.42. Figures 7.40 and 7.41 also illustrate the 


60 


50 
© o| 5 
х |а 2 
Е 0 o 
o ч 2 
- a < 
о & Е 

-.- 
30 


20 


WEIGHT GAIN , 





о 
0 1000 2000 3000 4000 5000. 6000 
TIME ІМ MINUTES 


FiGURE 7.40. Hafnium Oxidation in the Temperature Range 900 to 1,200° С; 
Data Plotted According to a Linear Equation. 
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FicurE 7.41. Hafnium Oxidation in the Temperature Range 350 to 710% C; 
Data Plotted According to a Logarithmic Equation. 


significance of the temperature dependent constants, a and b. Figures 
743 and 7.44 show the Arrhenius plots for the observed ratelaws. Тһе 
parabolic rate constant was found to be independent of pressure over 
the range 10-760 mm. Тһе logarithmic &nd parabolic laws are corre- 
lated with the formation of compact oxides, while the linear rate law 
18 accounted for by а porous scale. Тһе maximum thickness of com- 
ан А іп duplex scales was found: to be described by the following 
eaction : 


AM M E . 9,900. 
(24 Жа. ехр--- рт 
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FIGURE 7.42. Hafnium Oxidation in the Temperature Range 900 to 12007 C; \ 
Data Plotted According to а Parabolic Equation. 
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Ficure 7.48. Arrhenius Plot of Parabolic Rate Constants іп the Temperature 
Range 350 to 1.200? С. 
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Еівове 7.44. Arrhenius Plot of Linear and Logarithmic Rate Constants for the 
Oxidation of Hafnium in Oxygen. 


Smeltzer and Simnad analyzed their empirical oxidation data by 
correlation with the accepted “laws” of oxidation; logarithmic, para- 
bolic, and linear. It is interesting to observe that an equally good 
correlation can be obtained by assuming the validity of a generalized 
“parabolic” rate law expressed as 

AW = (2) ", 
where | 

AW = weight gain per unit area (mg/dm?), 

¢=time (min), 
=“rate” constant, 








and 
n=reaction index. 


The oxidation data are represented in a plot of log A W versus log! | 
in Figure 7.45, and the values of n and Ё calculated from these curves | 


appear in Table 7.31. Figure 7.46 is a plot of log & versus j and 


А М, mg/cm? 
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FisunE 7.45. Log-Log Plot of Smeltzer’s and Simnad’s Hafnium Oxidation 


Data ; Generalized “Parabolic” Rate Law. 
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FIGURE 7.46. Arrhenius Plot of Data from figure 7.45. 
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yields an activation energy of 56 kcal. Thus, it can be seen that all 
data, with the exception of the initial portion of the 350° C and the 
latter portion of the 1,200° C curves, can be correlated. 


TABLE 7.31—VALUES OF k AND п CALCULATED FROM THE RELATION- 
SHIP AW = (kt)* 


Temperature (9 C) k n 
515.0 eee 1.82 х 10-1 0. 22 
ATO uisu ---. 1.74 10-8 0. 27 
600________.___- 5.0 10-8 0. 27 
ва 2.1 10-4 0. 35 
101 mm 1.78 X 107? 0. 31 
ООО Less 7.8 X 107? 0. 32 
1000 ----------- 2.2 х 1071 0. 35 
19050 1.1х 107! 0. 43 
1002-22645 6.98 x 107! 0. 36 
120026 р 4. 9 0. 34 


Recent work by Pemsler [75] on the diffusion of oxygen into haf- 
nium was conducted by measuring the disappearance of interference 
colors due to the buildup of thin hafnia films on hafnium while 
heating to elevated temperatures. The results of these experiments 
give a value of about 52 kcal for the activation energy of diffusion 
of oxygen into hafnium. This figure compares favorably with the 
value of 56 kcal calculated for the oxidation of hafnium from the 
data of Smeltzer and Simnad. For the oxidation of zirconium and 
diffusion of oxygen into zirconium, the corresponding activation 
energies are approximately 48 and 52 kcal [76]. Thus, treatment of 
the oxidation data according to the “generalized parabolic” rate law 
reveals a possible correspondence between the over-all oxidation re- 
action and the diffusion of oxygen into the metal for both hafnium 
and zirconium. The rate of oxygen penetration into the metals 
titanium, zirconium, and hafnium and its relation to loss of pro- 
tective-type oxidation toward “break-away” or “transition” 1$ dis- 
cussed in a recent paper by Wallwork and Jenkins [77]. These latter 
authors performed a metallographic study on the oxide-metal inter- 
face region of oxidized titanium samples. By means of hardness 
penetration curves, the existence of a fixed zone of oxygen penetra- 
tion in titanium metal was demonstrated. Wallwork and Jenkins 
propose that the establishment of this zone is to be associated with 
“parabolic” oxidation, whereas linear oxidation occurs subsequent to 
establishment of the oxygen penetration zone. 

Smeltzer and Simnad, who treated their data according to the log- 
log plot, however, did not extend the analysis toward calculation of 
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“activation” energies based upon log-log representations of their data. 
Many investigators disagree as to the exact form in which AW 1s to 
be expressed—e.g., AW = Kt" or (k£)" [18,79]. In addition, the ques- 
tion arises as to the physical meaning to be attached to an “activation” 
energy obtained from Arrhenius-type plots involving A or A, which 
are related by K=k". Nevertheless, it is emphasized that here an ade- 
quate empirical description of the data of Smeltzer and Simnad can 
be obtained, and the “activation” energy so deduced is substantiated 
somewhat by the work of Pemsler and the analogous picture obtained 
for the oxidation of zirconium [76]. 


Diffusion of Oxygen in Hafnium 


The results of Pemsler [75], mentioned above in relation to the oxi- 
dation of hafnium, were obtained over the temperature range of 500- 
620° C. This study, as indicated, was directed toward measurement 
of the diffusion coefficient of oxygen in hafnium and was effected by 
measuring the rate of dissolution of oxide films into the metal in 
vacuo. The films were formed electrolytically, and the factor relat- 
ing film thickness to applied voltage was 18.9 A/volt. To calculate 
diffusion coefficients, Pemsler had to assume values for the density of 
oxygen-saturated metal, the density of monoclinic hafnia, and the 
solubility of oxygen in hafnium. The density of 10.22 g/cc, Table 
7.32, was taken for monoclinic hafnia. The value of density for the 
oxygen saturated metal was taken arbitrarily as 13.5 g/cc. No data 
for the solubility of oxygen in hafnium are known, and the diffusion 
coefficients were calculated for three assumed values of oxygen satura- 
tion—20, 30, and 40 a/o. The intermediate value corresponds to the 
saturation concentration of oxygen in zirconium. Accordingly, the 
diffusion constants are expressed as 


D=1.4 exp (—51,800/RT) for solubility of 20 а/о oxygen, 

D=0.47 exp (—51,800/ ВТ) for solubility of 30 а/о oxygen, 
and 

D=0.14 exp (—51,800/RT) for solubility of 40 a/o oxygen. 


Over-estimation of the solubility limit of oxygen in hafnium will 
tend to make the calculated D values less than the true value. 

In all studies made to date, the only observed product of the reac- 
tion of hafnium with oxygen has been monoclinic, HfOg, hafnia. 
Curtis, Doney, and Johnson [80] have made a thorough study of 
the properties of hafnium oxide, and many of their results are to be 
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found in Table 7.32. 
comparison. 
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Data pertaining to zirconia are entered for 


TABLE 7.32—PROPERTIES AND CRYSTALLOGRAPHIC DATA FOR 
HAFNIA AND ZIRCONIA [80] ! 


Property 
Heat of formation. ______- 
Melting point___________- 


A. PROPERTIES 


HfO 
266.1 + 0.3 kcal......... 
2,900? C. + 25° C........ 


ZrO 
257.4 + 0.6 kcal [81]. 
2,850? C.+ 25? C. 


Index of refraction. ....... 1:08-2.02 2охадарвадыма 2.1-2.2. 
Linear expansion coefficient. 5.8 X 10-6 in./in./C? 8.0 10-6 in./in./C? 
(monoclinic). (monoclinic). 


Theoretical density |... 10.22 g/cc (monoclinic) - - 
10.06 g/cc (tetragonal) . - 


9.68 р/сс (monoclinic). 


5.68 g/ce (monoclinic). 


6.10 g/cc (tetragonal). 
Pycnometer density ....... 


B. CRYSTALLOGRAPHIC DATA 


НГО: ZrOs 
Modification— Range of Monoclinic— 
stability Monoclinic— Room Tetragonal— | Room tem- | Tetragonal— 
temperature to 1,700° C 1,700° C+ perature to 1,000° C 
1,000° C 
R.T. 1,640° C 1,920° C В.Т. >1,0009 С 
nerui ee езі 5.11 А 5.21 А | 5.14 5.21 А 5.07 А 
КЕСКЕ 5.14 А 5.15 Å зе 5.26 Å |... 
ЕР EEE 5.28 Å 5.43 А | 5.25 A 5.375 А | 5.16 А 
^» ыы қа ыды сағы 99° 44” 98° 48’ | 2.2222- 005598 iens cast 


! Courtesy of the American Ceramic Society. 
Nitrogen 


Edwards and Malloy [82] have measured the reaction kinetics of 
hafnium (2.5 w/o zirconium) with nitrogen by a volumetric technique. 
The measurement encompassed the temperature range 876-1,0349 С 
vnd pressure range of 38-402 mm of mercury. Their data were de- 
scribed by the parabolic rate law and yielded an activation energy 
of about 57 keal/mol. The kinetics were essentially independent of 
pressure over the range studied. X-ray analysis of the golden-yellow 
reaction product indicated face centered cubic hafnium nitride of lat- 
tice parameter 4.50 А and theoretical density 14.0 g/cc. Comparison 
of the data with those for titanium and zirconium shows that the 
reactión rates decrease in the order titanium, zirconium, and hafnium. 
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Hydrogen 


There are scattered pieces of information which indicate that the 
reaction kinetics of hafnium with hydrogen are very similar to those 
of zirconium. Waldo and Anderson [83] found that the maximum 
uptake of hydrogen at one atmosphere pressure occurred at 700° С, 
Hydrogen could readily be removed from the metal by heating at 900° 
С та vacuum of about 107? mm Но. What is known of the hafnium- 
hydrogen phase relations is discussed in detail in Chapter 6. 


Corrosion Behavior in Miscellaneous Media 


There is a limited amount of information available pertaining to 
the corrosion behavior of hafnium in various chemical media. "Table 
7.88, taken from Everhart [73], permits a direct comparison to be 
made of the corrosion rates of hafnium, zirconium, and titanium in 
many inorganic solutions. The data represent results obtained by al- 
lowing metal platelets to react with the solution at 35° C for two 
weeks. 

From Table 7.33 it can be concluded that the corrosion resistance 
of hafnium in acids is slightly inferior to that of zirconium. It ap- 
pears that, in corrosion in mineral acids, hafnium resembles titanium 
more than it does zirconium. 

A limited amount of data indicates that hafnium is as resistant to 
500? C sodium as is stainless steel, the corrosion rate being approxi- 
mately 0.1 mg/cm?/mo [84]. 


TABLE 7.33— CORROSION RATE IN VARIOUS MEDIA, INCHES PER 
YEAR [73]! 
Temperature = 35°C 


Time=2 weeks 





а. — — — — 


Corrosion medium Hf Zr Ti 


Н,5О, (96.2059).... ...... | Soluble _ ..| Soluble.. .....| 0.17. 
Н,5О, (10%)... s. 3.5x10745.......1 0.[36X1074...... 3.2x 10^*. 
НСІ (3795) ....... de ieee I3 X ЦЕ. т Soluble. 
НСО ра дао 3.5x107*5. .....1 0.12Х 10-4... 2.5х10-*. 
HNO; (fuming)............] 4.4 1054... Gains wt. ......| Gains wt. 
HNO; (69.79%)-----------.-! .8x107* ... | Gains мі... || 8.64X 10-7. 
HNO; (10%)-------.-—------ 0:054 1074... 0.12 10714. ..... 1.2х 10-4. 
HCI-HNO; (10:1)... ........ 0.13... .......| Slowly attacked | 3.910". 
НСІ-Н,5О, (1:1)... ........ 48х10 ______ 0.79 1075......| Soluble. 
НХО;-Н;80,(1:1)--....... О асары 0.0865. --..... 48X 107*. 
NaOH (50%)_.._.-.-....-- 1.8Х 10-4... Gains wt....... 3.5x 107*. 
NaCl (20%).....-..--_..--- 0.88 х 1074__ 8 0.24 10-4. _ 0.18x 10-4. 








1 Courtesy of Materials and Methods. 
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Straumanis and Ballass [85] made a study of the rate of dissolu- 
tion of hafnium in acids, particularly hydrofluoric. It was found 
that the only other acid that significantly attacked hafnium was aqua 
regia. In general, hafnium, like zirconium, was found to dissolve 
as a quadrivalent ion. Normally, additions of fluoride ion to other- 
wise inert acids speed up the rate of solution of hafnium. A notable 
exception 15 iodic acid. 


Anodizing Experiments 


Additional information pertaining to the oxidation of hafnium 
can be drawn from the anodizing experiments of Misch and Ruther 
[86] and Misch and Fisher [87]. These authors demonstrated that 
monoclinic НЮ. films could be grown on hafnium electrolytically. 
The oxide film growth was found to depend on grain orientation 
when hafnium was anodized at room temperature. The orientation 
dependence persisted to 90° C, but at this temperature, preferred 
sites of nucleation of the film became evident. 
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Chapter 8 


THE ANALYTICAL CHEMISTRY OF HAFNIUM 


Ву С. W. Gowarp! Амр К. М. .Ласовв! 


8.1 INTRODUCTION 


The application, in 1922, of the techniques of X-ray spectroscopy 
by de Hevesy and Coster to the identification of hafnium in zirco- 
nium preparations [1] constituted the first analytical determination 
of the element. Although the investigations of Urbain tended to 
place element 72 in the rare-earth group of elements, the Bohr 
atomic theory definitely indicated that the element should be quad- 
rivalent and, thus, belong to the titanium group of the periodic 
arrangement. At Bohr’s suggestion, Coster and de Hevesy exam- 
ined the X-ray spectra of zirconium residues from Norwegian and 
Greenland zircons and found reasonably conclusive evidence of the 
presence of element 72 in the preparations. Because of equipment 
limitations in regard to the possible interference of the second-order 
zirconium K lines and the first-order hafnium L lines, the investi- 
gators withheld announcement of the discovery until they had pre- 
pared а pure hafnium fraction by fractional crystallization of the 
potassium and ammonium double fluorides of the two elements. 
Modifieations of the fundamental spectroscopic practices as applied 
by de Hevesy and Coster remain as the most valuable analytical 
techniques for the routine analysis of the two elements in the pres- 
ence of each other. 

The extreme similarity of the two elements has presented the 
analytical chemist with an almost unequalled problem in separation. 
Prior to the nuclear application of the two elements, nearly all 
analytical results for zirconium were fully acceptable on the basis 
that they collectively represented zirconium and hafnium. Although . 
a number of relatively facile methods of separation have been devel- 
oped in the past twenty years, the methods have not been widely 
applied in the real sense of analytical separation primarily because 
of the ease with which the two elements can be determined by spec- 
troscopic techniques. 


1 Westinghouse Atomic Power Division. 
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A further ramification of the similarity of the two elements is that 
the analytical chemistry of one cannot be discussed without includ- 
ing that of the other. The slight differences іп chemicab behavior 
are negligible for virtually all reactions utilized for the so-called 
“classical wet methods” of analysis. For these reasons, practically 
all published analytical information on the element hafnium is to be 
found in conjunction with that on zirconium. This chapter is no 
exception to this rule. In describing the analytical chemistry of 
hafnium, the authors have drawn heavily from the published litera- 
ture on zirconium. However, considerable emphasis has been placed 
on methods of separation and determination of the two elements in 
their mutual presence. 

In the atomic energy field the major concern of the metallurgist, 
insofar as analysis is concerned, is a knowledge of the impurity con- 
tent of hafnium metal. With the exception of the determination of 
zirconium as an impurity in the metal, essentially no analytical 
methods have been published for the analysis of hafnium. It has 
been the authors! experience that the published chemical methods 
for the analysis of zirconium for impurities are applicable without 
modification to the analysis of hafnium. With some modifications 
with respect to the choice of analytical lines used, the same statement 
can be made for spectrochemical impurity methods. 


8.2 METHODS OF ANALYSIS FOR HAFNIUM 


The Separation and Quantitative Determination of Hafnium (and 
Zirconium) 


Classical methods, primarily precipitimetric, for the separation and 
quantitative determination of zirconium and hafnium as a single 
entity are described in several excellent reference books [2-4]. Port- 
castle [5] has summarized methods used up to 1953 for the separa- 
tion and determination of zirconium (and hafnium). The refer- 
enced works have placed considerably greater emphasis on the 
analytical chemistry of zirconium. Provided herein is a review of 
some of the older chemical techniques which have not diminished 
in importance and a critical summary of the more recent develop- 
ments in the analytical chemistry of the two elements. 


Precipitation and Gravimetric Methods 


Both hafnium and zirconium can be precipitated as the hydrous 
oxides from neutral or basic solutions, but, in general, this does not 
serve as an efficient separation from many other metals in the mix- 
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tures normally encountered. The ignited oxides are, however, the 
most. important weighing forms for the two elements. 

One of the most effective methods for the separation of hafnium 
and zirconium from other metals is by precipitation as the phos- 
phates from strong mineral acid solution [6]. Only tantalum, 
niobium, thorium, and protactinium interfere to yield high results. 
The interference due to thorium can be eliminated by dissolution of 
the phosphate and reprecipitation. Much has been written about 
the unsatisfactory stoichiometry of the ignited phosphate precipitate 
[Zr(Hf)P,0;] as a weighing form. Depending upon the composi- 
tions of wash solutions used, more or less phosphate may be hydro- 
lyzed from the precipitate. Claassen and Visser [7] have reinvesti- 
gated the method and have shown that a reproducible, stoichiometric 
pyrophosphate is obtained under controlled conditions. 

When ammonium acid phosphate is used as the precipitant, the 
precipitate obtained is usually quite voluminous апа gelatinous. 
Willard and Hahn [8] obtained dense, crystalline precipitates by 
the method of precipitation from homogeneous solution. Phosphate 
is generated in the acid solution by the hydrolysis of either trimethyl- 
phosphate or metaphosphoric acid. The precipitate is ignited as 
usual to the pyrophosphate for weighing purposes. The method has 
the disadvantage that a long period of standing (12 to 15 hours) is 
necessary for complete precipitation. 

Various other precipitants such as phenylarsonic acid, n-propyl- 
arsonic acid, tannin, cupferron, selenious acid, potassium iodate 
[24], and mandelic acid and its derivatives |9, 10] have been used 
with varying degrees of success for the separation of hafnium and 
zirconium from other elements. Of these, the mandelic acids and 
cupferron are the most useful for a wide variety of separations. 
Precipitation as the cupferrate with subsequent ignition to the oxide 
serves to separate hafnium and zirconium from elements such as 
hexavalent uranium, aluminum, chromium, and the alkaline earths. 
Iron, titanium, niobium, tantalum, silicon, and tungsten, among 
others, accompany the hafnium and zirconium. 

Mandelic acid, introduced by Kumins [9] and studied by Hahn 
[10], serves to separate hafnium and zirconium from titanium, tron, 
vanadium, aluminum, chromium, thorium, cerium, tin, barium, eal- 
cium, copper, bismuth, antimony, cadmium, cobalt, magnesium, man- 
ganese, mercury, nickel, uranium, and zinc. Zirconium and hafnium 
are precipitated from hydrochloric acid solution, and the precipitate 
is filtered and washed with a solution of the reagent and usually 
ignited to the oxide. The superior selectivity of the reagent has led 
to further studies of the use of it and other glycolic acid derivatives 
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for the precipitation of zirconium and hafnium. Whereas Kumins 
ignited the precipitate to the oxide, Astanina and Ostroumov [11] 
found that the mandelate precipitate could be washed free of excess 
reagent with alcohol, dried, and weighed directly as the tetraman- 
delate. These authors found no interference from the rare earths 
and molybdenum. Jonckers [12] showed that the active group of 
mandelic acid is the -CHOHCOOH portion and found that nine 
other acids containing this glycolic acid group demonstrated the 
same specific precipitating properties as mandelic acid. Hahn and 
Joseph [13] studied the precipitation of hafnium and zirconium 
with 1-naphthyl-glycolic acid from hydrochloric acid solution. For 
zirconium, a digestion period of 20 minutes at 85° C gave complete 
precipitation, whereas 30 minutes of digestion was necessary to ac- 
complish complete precipitation of hafnium. Separations from iron, 
aluminum, thorium, titanium, lanthanum, uranium, and tin were 
accomplished. The authors found no particular advantages for the 
reagent over mandelic acid. Оеѕрег and Klingenberg [14] and 
Klingenberg and Papucci [15] investigated the precipitating prop- 
erties of the p-chloro and p-bromo derivatives of mandelic acid and 
found that the latter was the best of the mandelic acids yet con- 
sidered. Both reagents give a greater volume of precipitate, the 
precipitate can be washed with distilled water, less time 16 needed 
for the formation of the precipitate, and only about one-tenth as 
much reagent is used in comparison with the unsubstituted acid. 
These authors suggested the possibility that the precipitate could be 
weighed directly after being washed with alcohol and being dried 
at 100° C instead of being ignited to the oxide. Hahn [16] used 
the method of direct weighing of the bromomandelate precipitate to 
determine hafnium-zirconium ratios. The validity of the direct- 
weighing technique was challenged by Belcher, Sykes, and Tatlow 
[17] who obtained erratic results with mandelic and p-bromo-man- 
delic acids unless the precipitates were ignited to the oxide. The 
apparent lack of reproducibility of the direct-weighing technique 
has been shown by Hahn and Baginski [18] to be due to the forma- 
tion of basic zirconium mandelates. These authors demonstrated 
that stoichiometric tetramandelates are obtained by precipitating 
from hot, strongly acid (5M or more) solutions. 

Although precipitation from hyrofluoric acid solution as barium 
fluozirconate or fluohafnate has received little attention, it is a useful 
method, particularly for separation from niobium. Hume [19] devel- 
oped the method for the determination of zirconium activity in fis- 
sion-product mixtures with particular emphasis on the separation 
from niobium. Telford [20] applied the method to the analysis 
of uranium-niobium-zirconium alloys for zirconium content. The 
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: zirconium is separated as the fluozirconate and subsequently deter- 

‚ mined by dissolving and reprecipitating as the cupferrate. This 
procedure has been further evaluated by Milner and Barnett [21] 

' who completed the determination with a chelatometric titration. 
Milner and Barnett also reported satisfactory separations from 
titanium, tantalum, molybdenum, tungsten, lead, iron, copper, and 
tin. 

In view of their superior selectivity and ease of use, the phos- 
phates and mandelic or p-bromomandelic acid are the two leading 
reagents available for the separation and determination of hafnium 
and zirconium. The variety of conflicting information found in 
the literature on both reagents by no means detracts from their 
value. The varying reports on the nonstoichiometry of the pyro- 
phosphates and mandelates doubtlessly arise from different condi- 
tions of acidity of precipitation and methods of washing the ргесірі- 
tates. Because of the ease with which the precipitates are converted 
to the oxides, mandelic acid and its derivatives appear to be the 
more suitable reagents for a great many separations. If ignition 
is carried to the oxide stage, very little attention need be given 
to conditions such as acidity of precipitation and methods of wash- 
ing the precipitates. 


Volumetric Methods 


The lack of a second valence state stable in aqueous solution pre- 
cludes the application of redox volumetric methods to the quantita- 
tive determination of hafnium and zirconium. Various other volu- 
metric methods such as alkalimetric, precipitimetric, and fluoride 
complexometric titrations have been proposed but have met with 
only limited application. The application of chelatometric methods 
to the titration of the two elements has received widespread atten- 
tion in the past few years and fills a long-felt need for rapid volu- 
metric methods. 

Fritz and Fulda [22] describe the titration of zirconium and 
hafnium with ethylene diamine tetra-acetic acid (EDTA) at pH 1.4, 
using Eriochrome Cyanine RC or Alizurol Cyanine RC as indica- 
tors. In a very extensive interference study, it was found that a 
number of metals and nonmetals, notably thorium, molybdenum, 
ferric iron, fluoride, sulfate, and tartrate, interfere. The iron inter- 
ference can be eliminated by prior reduction to the ferrous state. 
A procedure of considerably greater selectivity has recently been 
described by Fritz and Johnson [23]. An excess of standard EDTA 
is added to the solution of zirconium at pH 2.0, and the excess is 
back-titrated with a solution of bismuth nitrate, using thiourea as 
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the indicator. Because few cations form stronger complexes than 
bismuth and zirconium, verv few elements interfere with the method. 
Of thirty-one metallic elements tested, only arsenious, ferric. mer- 
curous, molybdate, nickel, and stannic tin interfere. Further, zir- 
conium can be determined in the presence of phosphate, sulfate. 
thiocyanate, tartrate, and small amounts of fluoride. 

Bricker and Sweetser [24] add an excess of standard EDTA solu- 
tion to the acetate-buffered zirconium solution and back-titrate 
spectrophotometrically with ferric топ. Milner and Phennah [25] 
carry out a mandelate separation and determine the zirconium by 
the addition of excess EDTA and back-titration with ferric iron 
at pH of 5.0 to 6.0 using salicylic acid as a visual indicator. Milner 
and Edwards [26] improved the precision of this method by the 
use of spectrophotometric indication of the end point of the back- 
titration. Either benzohydroxamic or salicylic acid is used as 
the spectrophotometric indicator. 

Olson and Elving [27, 28] have developed a precipitimetric ampero- 
metric titration of hafnium and zirconinm with cupferron which is 
applicable in the presence of phosphate and large amounts of 
fluoride. Ітоп, titanium, and other metals which are precipitated 
by cupferron interfere. Тһе method has been applied to the deter- 
mination of zirconium in uranium-zirconium and uranium-nicbium- 
Zirconium mixtures. In the latter mixture, zirconium is separated 
as the phosphate prior to the amperometric titration [29]. In view 
of the relative instability of cupferron solutions, these methods offer 
little or no advantage over those using EDTA. 

The reagent 1-nitroso-2-naphthol has been used by Wilson and 
Rhodes [30] to titrate zirconium solutions amperometrically in an 
acetate-buffered medium. Copper, nickel, cobalt, and iron. among 
others, interfere with the titration. For most hafnium and zir- 
conium-bearing materials, а prior separation would be mandatory. 

Usatenko and Bekleshova [31] have revived the complexometric 
titration of zirconium with fluoride by using an electrometric end- 
point indication. The zirconium solution is titrated at pH 2.0 with 
а standard solution of sodium fluoride. The endpoint is determined 
amperometrically with a rotating platinum electrode using ferric 
iron as the indicating ion. It is stated that calcium, magnesium, 
titanium, chromic, and ferrous ion do not interfere, while aluminum 
and bervllium cause positive interference. ‚ 


Colorimetric Methods 


Relatively few satisfactory reagents have been proposed for the 
colorimetric estimation of hafnium and zirconium. Table 8.1 sum- 
marizes a number of color reagents which have been studied to 1957. 
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Notable among elements and ions which interfere with the various 
methods are iron, titanium, thorium, tin, aluminum, phosphate, and 
fluoride. Since the occurrence of these elements in admixture with 
zirconium and hafnium is quite frequent, the analyst is almost in- 
variably faced with the necessity of separating the two elements from 
them prior to the colorimetric determination. The use of reagents 
such as p-dimethlaminoazophenylarsonic acid (parasonic acid), the 
mandelic acids, and phosphates, which may be used to effect separa- 
tions and subsequent indirect determinations of the two elements, is, 
therefore, quite attractive when one is confronted with a rather 
complex mixture. Parasonic acid has been used first to isolate and 
then to determine as little as one microgram of zirconium. The work 
of Grinaldi and White [44] who used the reagent to isolate as little 
as 0.1 microgram prior to colorimetric determination with quercetin 
indicates that the arsonic acid could be made much more sensitive 
by a few modifications in the technique of precipitation. Similarly, 
Hahn and Weber [50] used mandelic acid to precipitate and then 
to determine zirconium by dissolving the precipitate and measuring 
the absorbance of the phenyl group of the precipitant. Bricker and 
Waterbury [49] note that p-bromomandelic acid has been used to 
determine microgram amounts of zirconium in a similar manner but 
indicated that the method was highly dependent on the source of 
the reagent used. Instead of dissolving the precipitate and measur- 
ing the absorbance of the p-bromomandelate complex, these authors 
resorted to the use of chloranilic acid to determine the zirconium 
content of the precipitate. In view of the fact that they were able 
to isolate as little as 12 micrograms of zirconium by precipitation, 
further study of the method of direct absorbance measurement should 
be fruitful. 

Of the other reagents listed in Table 8.1. alizarin [87—40] remains 
as one of the most useful for the determination of the two elements. 
Although it is not as sensitive as may be desired for certain applica- 
tions, alizarin is relatively simple to use and is at least no more 
subject to interference than any of the other direct-color reagents 
so far proposed. From the standpoint of high sensitivity, the re- 
agent quercetin, applied by Grimaldi and White [44], is superior 
to most other reagents but is subject to a myriad of interferences. 
Parasonic acid precipitation effectively isolates zirconium from the 
majority of interferences, however, and as little as 0.1 microgram of 
zirconium or hafnium can be determined with quercetin after the 
separation. 

Two useful fluorescence methods, using 3-hydroxyflavone (flavonol) 
[52] and morin [53], have been proposed in the last few years. Both 
reagents are reasonably selective апа can be used to determine as 
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little as 3 to 5 micrograms of the two elements. Both are subject 
to interference by ferric iron, but the interference is easily circum- 
vented by removal with mercury cathode electrolysis or reduction 
to the ferrous state. The morin method involves measurement of 
the fluorescence before and after the addition of EDTA. The zir- 
conium and hafnium-morin fluorescence is destroyed by the chelating 
agent, but that of aluminum, gallium, thorium, uranium, tin, and 
antimony is not, thereby effectively eliminating interference by these 
elements. 

There has been relatively little investigation of the fundamental 
reactions occurring between zirconium and hafnium and the color- 
forming reagents. Studies by Liefhafsky and his co-workers 
[37-89] on the formation of hafnium and zirconium lakes with 
alizarin indicate that the lakes are true 1:1 chemical compounds 
rather than absorption complexes. These investigators proposed a 
structural formula for the hafnium lake involving two primary 
valence bonds to the hafnyl portion of the molecule. Собен and 
Jacob [54] measured the dissociation constants of the alizarin com- 
plexes of hafnium and zirconium and found 2.8 and 1.5 x 107, 
respectively, thus adding further evidence that these lakes are true 
chemical compounds. Thamer and Voigt [45] identified 1:1 and 
1:2 complexes of zirconium and chloranilic acid, the former being 
the more predominant. Structural formulas for both complexes 
were proposed, and the similarity to the oxalate complexes was noted. 

Although slight differences in stability are generally expected for 
most hafnium and zirconium complexes, the differences are by по 
means sufficient to distinguish between the two elements. On a 
mole-to-mole basis, all of the color reagents studied to date either 
have been shown to react, or may be expected to react, with both 
elements in an identical manner. Probably the most fruitful area 
of research yet to be explored lies not in attempting to develop 
reagents which will distinguish between the two elements, but rather 
in developing reagents which are more selective in determining both 
elements in the presence of other ions, notably iron and the Group IV 
elements. 


SNolvent-FEvtraction Methods 


The increased application of solvent-extraction techniques in 
recent years has provided the analyst with an important new tool 
for the separation of hafnium and zirconium from other elements. 
The two most important new classes of extraction reagents for zir- 
conium and hafnium are the fluorinated diketones and the alkyl 
phosphoric acids. Most of the investigation of these reagents has 
been aimed at methods for the separation of the two elements from 
each other; however, a few papers have dealt with the separation 
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from other elements. In these papers. little emphasis is placed on 
the separation of hafnium from other elements, but under the con- 
ditions used it would also be extracted quantitatively with zirconium. 

Conditions for the quantitative extraction of zirconium from nitric 
acid solution and separations from other elements with 2-thenoyltri- 
fluoroacetone (TTA) have been studied by Moore [55]. Essen- 
tially complete extraction is attained from 2 to 12M nitric acid 
solutions, using 0.5M TTA in xylene; 2M hydrochloric acid serves 
equally well. The zirconium can be quantitatively stripped back to 
an aqueous nitric-hydrofluoric acid phase. Separations from the 
alkali and alkaline earth metals, trivalent rare earths, stannous tin, 
cobalt, trivalent chromium, uranyl, thorium, ferrous iron, aluminum, 
bismuth, niobium, protactinium, and ferric iron (6М hydrochloric 
acid) were achieved. Up to 4.4 mg/ml of zirconium can be extracted 
from 10M nitric acid. | 

Scadden and Ballou [56] isolated zirconium and niobium in con: 
centration of 1 mg/ml from nearly all of the other fission products 
by extraction with 0.6M > di-n-butvl phosphoric acid in n-butyl ether 
from a solution coitaining 1M sulfuric acid. 2.5M ammonium sul- 
fate, and 0.004M oxalic acid. The two elements can be back-washed 
from the organic phase with 4M hydrofluoric acid. If the aqueous 
phase contains, іп addition, 6 percent hydrogen peroxide, 95 percent 
or more of the zirconium (1 mg/ml) is extracted with a 0.06M 
solution of the reagent, whereas only 1 percent of the niobium is 
extracted, thus effecting a moderately satisfactory separation of the 
two elements. 

J.C. White [57] has reported initial studies on the use of various 
trialkylphosphine oxides for the extraction of hafnium and zirconium 
and other elements. Both elements are completely extracted from 
1 to ҰМ hydrochloric acid solution with a ОЛМ solution of tri-n- 
octylphosphine oxide in cyclohexane and from TM hydrochloric acid 
with а ОЛМ solution of tris-2-ethy]-n-hexy] phosphine oxide. The 
latter reagent is somewhat more selective, apparently because of the 
steric influence of the methyl group. Further studies of extractions 
with other alkyl-phosphine oxides from various media may well 
increase tlie selectivity of this class of reagents. 

Various other reagents of limited selectivity have been used for 
the extraction separation of hafnium and zirconium from other 
elements. Of these, cupferron and 8-quinolinol. [58] are the most 
useful, but they do not approach the selectivity of the first two 
reagents described above. 


lon-E xchange Methods 


Of the more modern methods available for the separation of 
hafnium and zirconium from other elements, ion-exchange tech- 
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niques are among the most valuable. Although most of the initial 
investigations of these techniques were for the purpose of separating 
the two elements from one another, quite a number of studies have 
recently been devoted to the separation of zirconium and hafnium 
from other elements. 

Table 8.2 summarizes the more important fundamental papers 
which describe methods of separation from other elements. Because 
hydrofluoric acid is commonly used to effect solution of many hafnium 
and zirconium materials, media containing this acid are quite prac- 
tical from the standpoint of laboratory operations. Quantitative 
separations of milligram and gram amounts of zirconium and 
hafnium from milligram and gram amounts of aluminum [64], 
niobium, tantalum, titanium, and iron [65] have been accomplished 
іп hydrofluoric-hydrochloric acid media. 

The extensive fundamental studies of Kraus and others [66] on 
the adsorption characteristics of hafnium and zirconium and numer- 
ous other elements from hydrochloric acid and hydrochloric-hydro- 
fluoric acid media suggest many possible separations from other 
elements. Future application of these and other such studies will 
greatly simplify some of the difficult. problems of the past in the 
analytical chemistry of hafnium and zirconium. 


TaBLE 8.2—ION-EXCHANGE SEPARATIONS OF ZIRCONIUM AND 
HAFNIUM FROM OTHER ELEMENTS 


RESIN ELUANT AMOUNT OF SEPARATED REMARKS REF. 
ZR AND/OR HF 


— — | | —— ------------------------|----------------------------------------)|------- 








AmberliteIR100 | Water solution of | About 100 mg.| Fe, Ti, rare | Zr passes throngh column 59 


(cation) ZrO(NQs3)2 earths, Be as a colloidal solution. 
Column on H or Na 
cycle. 

Dowex 1 (anion).| IM НСІ 0.01M | Tracer........| Cs, Ce, Pr, | Order of elution: Cs, Ce, 60 
H2C20, Nb Pr, Zr. Nb. 
Dowex 1 (anion) _| 0.2-9M HC10.004- | Тгасег....... ND зы мые Zr precedes Nb. Best 61 
17M НЕ separations іп 10М 
НСІ-0.5М HF. 
Dowex 1 (anion).] HCI-HF and 1 mg Zr....... Pa, Nb, Ta...| Order of elution: Zr, Pa 62 
NH,Cl (9M НСІ-0.004М HF), 
Nb (9M HCIlI-0.18M 
HF), Ta (4M ХН4СІ- 

1M HF). 

Dowex 2 (tanion).| HCl. ............. Tracer........ Nb (Та)..... Study of Ke for Hf, Zr, 63 


Nb, Ta. Zr washed 
througn column with 
6-7M НСІ. Nb eluted 
with 1.5-4.0N HCl. 


Dowex 1 (anion).| 0.06M HCI-0.08sM | 1g............ Al from Zr, | Determination of Al in Zr 64 
HF Hf (and Hf). Al eluted; 
others left on column. 
Anion resins.....| HCl, НСІ-НЕ, ete. | Tracer_...___. Summary of separations feasible in НСІ 66 


andother media. Adsorption data given 
Гог 60 elements in НСІ solution. 


_———————— 
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The Quantitative Separation of Hafnium from Zirconium 


Most. research on the separation of hafnium from zirconium has 
been directed toward commercial-scale separation, primarily for 
atomic energy uses. These methods of separation— solvent extrac- 
tion, ion exchange, fractional crystallization or precipitation, frac- 
tional distillation, etc.—are described in Chapter 2 of this book and 
will not be covered here, except for a brief mention of some of the 
more promising procedures from an analytical viewpoint. Because 
many of these processes involve multiple batch or continuous opera- 
tion, their use for quantitative analytical chemistry applications 
has been rather limited with the exception of certain of the 10п- 
exchange techniques. Further, a rapid increase in the availability of 
precise and rapid spectrochemical methods for the determination of 
the two elements in the presence of each other has tended to de- 
emphasize the development of analytical chemical methods of sep- 
aration. 

Since ion-exchange techniques lend themselves most readily to 
laboratory-scale separations, their application is the most promising 
approach to separations from a quantitative analytical viewpoint. 
A number of authors have described quantitative or near-quantita- 
tive separations based on elution from cationic or anionic exchange 
resins by the use of various complexing agents. Table 8.3 sum- 


TABLE 8.3—ADSORPTION SEPARATIONS ОЕ HAFNIUM FROM 


ZIRCONIUM 
ADSORPTION ELUANT OR SOLVENT НЕ AND ZR DECREE OF SEPARATION | REF. 
MATERIAL 
Dowex 50 (cation)....| ӨМ ICI1.................. 50 mg of oxides....| Yield 66% of HfO: con- 67 
taining about 0.1% 2гОз. 
Total yield 80%. 
Dowex 50 (cation)....| ӨМНСІ.................. 2gofoxides....... Yield 42% of НЮ: of 68 
99.997, purity. 
Dowex 50 (cation)....| 6M HCIl.................. gram quantities...| Yield 25 g of Zr contain- 69 
ing «0.019; НЕ. 
Dowex 50 (cation)....| ІМ H:80,................ 900 mg............ Complete. __---_---------- 70 
Dowex 50 (cation)....| 0.09M citric 0.45M IINO;.| 270 mg............ Complete Total yield, 97% 71 
Dowex 1 (anion)..... 0.5M HF 1.0M HCI....... Tracer Zr 0.2 mg | Yield approx. 16% Hf of 72 
Hf. >95% purity. 
IRA 400 (anion)...... 0.2M НСІОЛМНЕ....... 30 mg............. Yield 6995 of Zr with 73 
«0.019, Hf, 69% of Hf 
with «0.039; Zr. Total 
yield, 96%. 
IRA 400 (anion)...... 0.22M НСІ 0.00008M IIF.| 400 mg............ НЕ completely absent in 74 
9807, of recovered Zr. 
Dowex 2 (anion)..... 9.0M ИСІ... ТТЕ о б Nearly complete.......... 63 
Silica gel............. MCI in methyl alcohol; | 455 g MChI,........ 22.5 g of Zr with 0.15% 15 
12М НСІ in methyl Hf. 
alcohol for elution for 
ШС. 
Варесе. 30 ml HNOs4-70 ml di- | 150 micrograms....| Complete--.-------------- 76 


chlorotriethylene glycol 
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marizes a number of adsorption-type separations which are promising 
from an analytical standpoint. ОТ? the various methods listed, 
those of Lister [70], Benedict, Schumb and Coryell [71], and 
Huffman, Iddings and Lilly [63] appear to have the greatest po- 
tential for application to analytical chemical separations, primarily 
because these methods yielded virtually complete separation of the 
two elements. It should be noted, however, that complete separation 
is unnecessary if a radioisotope of either hafnium or zirconium is 
added to the mixture prior to separation. One need only isolate a 
fraction of the element of interest in a pure form and determine 
its specific activity. From prior knowledge of the initial activity, 
the amount of the element in the original mixture can then be 
calculated according to the method of isotopic dilution. 

The paper chromatographic technique of Kember and Wells |76) 
is interesting from the standpoint of complete separation and ease 
of operation. Further investigation of the separation of various 
ratios of the two metals, particularly the extremes encountered in 
reactor-grade hafnium and zirconium, would be worthwhile. For 
economie reasons, separation by means of liquid-liquid extraction has 
‘taken precedence over ion exchange insofar as the large-scale separa- 
tion of hafnium from zirconium is concerned. Because of the 
relative complexity of the equipment needed for continuous liquid- 
liquid extraction, this method is somewhat less attractive for an- 
alytical-scale separations. Laboratory-scale counter-current extrac- 
tion apparatus is, however, commercially available, and analytical 
separations, using the various complexing or chelating reagents, are 
entirely feasible. Of the various reagents which have been in- 
vestigated for commercial-scale separations, the fluorinated diketones 
[77-80], tributyl phosphate [81], and thiocyanate [82] show the 
most. promise for possible analytical application. 


Indirect Chemical Determination of Hafnium-Zirconium Ratios 


Several indirect chemical methods have been described for the 
determination of hafnium-zirconium ratios. All such methods in- 
volve the determination of the total of hafnium and zirconium by 
two independent chemical methods, one of which is invariably the 
weighing of a mixture of the pure ignited oxides and the other a 
gravimetric, volumetric, or spectrophotometric measurement. The 
composition of the mixture is then obtained by the solution of two 
simultaneous equations for the two unknown quantities. Alterna- 
tively, the amount. of either constituent can be determined оп the 
basis of an empirical calibration determined from a fixed weight of 
known oxide mixtures. Because of the practical analytical limita- 
tions on the measurement of the two quantities required, the methods 
are generally limited to the determination of upwards of 5 to 10 per- 
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cent of hafnium in zirconium and vice versa. Extremely accurate 
measurements are required to obtain reasonably reproducible values 
in the lower percentage ranges, and useful determinations below 
one percent of either constituent are virtually impossible with 
norma] analytical techniques. 

Fujiwara [83] applied the phosphate precipitation method to the 
determination of hafnium content of zirconium salts. Тһе two 
metals are isolated as the pure ignited oxides, weighed, dissolved, 
reprecipitated with ammonium phosphate, and ignited to the pyro- 
phosphates for the second weighing. Fujiwara [84] later described 
the reverse procedure; ie., isolation and weighing as the pyro- 
phosphates, dissolving, reprecipitating as the hydrous oxides, and 
igniting to the oxides as the second weighing form. Тһе second 
procedure would appear to be preferable because of the possibility 
of obtaining & pure hafnium-zirconium fraction from a variety of 
other elements in the initial step. Both procedures involve the use 
of phosphate precipitation, a procedure which, while highly selec- 
tive, has been the subject of much controversy from the standpoint 
of the stoichiometry of the final weighing form. (See Precipitation 
and Gravimetric Method Section of this Chapter.) 

Wernimont and DeVries [85] described a method based on the 
increased effect of hafnium over zirconium on the optical rotation of 
solutions of tartaric acid. A weighed amount of the oxide mixture 
is dissolved, tartaric acid and sodium hydroxide are added, and the 
optical rotation of the solution is measured. The ratio of hafnium 
to zirconium is calculated by an expression obtained by predetermina- 
tion of the effects of the two elements individually. Samples cover- 
ing mole ratios of hafnium to zirconium from 0.15 to 0.45 were 
analyzed. 

Claassen [86] first weighed the mixed oxides, dissolved the mix- 
ture, and precipitated hafnium and zirconium from an acid solution 
as the basic selenites. The precipitate was digested to obtain stoichi- 
ometric normal selenites, filtered, and either weighed as M(SeO;); 
or dissolved and analyzed iodometrically for selenium. Schumb and 
Pittman [87] modified the method slightly and utilized it to de- 
termine hafnium oxide in various mixtures of hafnium and zirconium 
oxides obtained during a study of the ferrocyanide separation process. 
The two metal ions were first precipitated as the selenites, and the 
precipitate was dried at 195 to 140? C. A known weight of the 
mixed selenites was then decomposed by heating to the mixed 
oxides for the second weighing. Тһе authors found the method to 
be accurate to within 0.25 percent. when the amount of hafnium oxide 
present was about 25 percent. 

Hahn [16] reviewed the methods available up to 1951 and pro- 
posed the use of p-bromomandelic acid as а weighing form to be 
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used in conjunction with a mixed oxide weight. Тһе p-bromo- 
mandelates are precipitated from an acid solution, filtered, dried, 
weighed, and then ignited to the oxides which are used as the second 
weighing form. The authors claim a precision and accuracy of 
+0.5 percent absolute for mixtures containing greater than 10 per- 
cent hafnium oxide. In view of the selectivity of p-bromomandelic 
acid and the large gravimetric factor, the procedure is one of the 
most attractive yet proposed. 

Zopatti [88] determined hafnium-zirconium ratios on a fixed weight 
of mixed oxides in the range of 10 to 90 percent zirconium oxide by 
measurement of the alizarin red S color developed in a solution of 
the oxides. To increase the accuracy of the method, Freund and 
Holbrook [89] utilized a differential spectrophotometric alizarin 
red S method. In the range of 10 to 50 percent zirconium oxide, | 
the absorbance is measured against a permanent absorbance standard | 
fabricated from strips of colored cellophane. А calibration curve 
is prepared from known mixtures of hafnium and zirconium oxides 
all containing the same total amount of the two oxides. Results 
accurate to a few tenths of a percent are obtained in the indicated |. 
range. Using certain instrument modifications, the method should 
be applicable to the lower hafnium-zirconium ratios encountered in 
naturally occurring minerals and ores. 

Proposed methods based on the analysis of mixed halides, sulfates, 
or ammonium fluoro salts have not received general application 
because of the relative difficulty of obtaining such compounds in a 
reproducibly pure form. Methods based on density measurement of 
the mixed oxides or other pure compounds have been used but are 
not popular because of the inherent difficulties in the measurement 
of the density of such materials [1, 3, 90]. 


Spectrochemical Methods for the Determination of Hafnium 


As discussed in the previous sections, the positive identification of 
hafnium by classical chemical procedures is complicated by the 
homologous chemical properties of hafnium and zirconium. Ав. 
might be expected, however, the optical and X-ray spectra of these | 
elements are not identical, and identification can be made by various 
spectroscopic techniques. Because of the comparatively low natural | 
abundance of hafnium, direct detection in naturally occurring sub- 
stances has been rare. Moreover, the spectral sensitivity of the 
element is poor and, since the oxide is quite refractory, detection 
below 0.01 percent is usually difficult [91]. Frequently, the iso- 
morphie chemical properties of hafnium and zirconium are used 
advantageously to concentrate the hafnium chemically into a zir- 
conium matrix which can then be analyzed spectrochemically. Thus, 
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to a large extent, the lowest limit of detection is predetermined by 


-. the ability to detect hafnium in a zirconium base. - 


Since quantitative spectrochemical methods are inherently em- 
pirical, the preparation of synthetic mixtures of hafnium and zir- 
conium is of some importance. Solution procedures offer the most 
direct. approach to placing the sample and synthetic standard in 
identical form, but most analysts have preferred to work with the 
oxide powder, since procedures using this form normally have lower 


__ limits of detection and are more convenient to handle. Synthetic 
. oxide standards usually are prepared by igniting, at 850° C, the 


hydroxide precipitates obtained from sulfuric acid solutions of 
known concentrations. Although hafnium-zirconium alloys should 
be ideal for direct metal analyses, practical considerations such as 
sample form or specifications near the limit of optimum spectral 


sensitivity have often precluded the analysis of this form. With 


the exception of excitation with the high-voltage spark or triggered 
arc, point-to-plane excitation is impractical because of the arc 
instability resulting from formation of the nonconducting oxide. 


The Determination of Hafnium by X-Ray Spectroscopy 


Simultaneously with the discovery of hafnium, Coster [92] iden- 
tified and studied its L and М spectra. Shortly thereafter, de- 


2: Broglie and Cabrera [93] determined the К absorption edges, and 
‚ Cook and Stevenson [94] reported observation and measurement. of 
_ Фе К emission series. Subsequently, the wave length and intensity 
.» measurements for the characteristic lines have appeared in numerous 


tables, handbooks, and texts [95, 96]. 

Although the X-ray spectrum of hafnium has been used extensively 
for its identification and determination, this approach is less favor- 
able, comparatively speaking, than for many other elements. Haf- 
nium is an element of relatively high atomic numer, and an applied 


. voltage of approximately 80 is required to excite the intense К lines. 


Since contemporary commercial instruments normally are not de- 
signed to supply this voltage, the analyst is compelled to use the 
weaker L lines. The use of the L lines is complicated by the 


: presence of zirconium for, by rare coincidence, the first-order 
© hafnium L series is diffracted at approximately the same angle as 


the second-order zirconium К series. Thus, to some extent, the 


< Spectrochemist is afflicted with a problem similar to that confronting 
." the classical chemist. Furthermore, those working in the field 


prior to the electronic developments of the 1940-50 era were handi- 


capped by the inconvenience of demountable tubes, unstable power 


supplies, and photographic photometry. Despite these difficulties, 
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X-ray spectroscopy has been used effectively whenever the demand 
warranted. 

Before the atomic energy program created such a wide interest. in 
the determination of hafnium, most of the determinations for this 
element were confined to investigations of an academic nature or min- 
eralogical surveys. On the assumption that the intensity produced 
by each hafnium atom was equal to that. produced by an atom of a 
reference element, Coster and de Hevesy [97] modified their original 
procedure for determining hafnium in hafnium concentrates by direct 
line intensity measurements to include the addition of known quanti- 
ties of tantalum and, later, естт as reference elements. The latter 
element was chosen to reduce errors in photographic measurement. re- 
sulting from a variable background. In 1927, Kimura [98] reported 
the detection of hafnium in the minerals alvite, hegatalite, and oyam- 
alite and described a procedure for the determination of hafnium in 
the mixed oxides or phosphates. Rankama [99] discussed the separa- 
tion of niobium, tantalum, zirconium, and similar elements from their 
mineral base prior to X-ray spectroscopic examination. 

Since the middle 1940's, the nuclear energy program has created 
a renewed interest in the determination of hafnium, particularly in 
the presence of zirconium. Fortunately, coincidental with this new in- 
centive has been the evolution of vastly improved fluorescent X-ray 
instruments and techniques. In 1950, Birks and Brooks [100] de- 
scribed three possible procedures for increasing the effectiveness of the 
hafnium determination at the zirconium-rich end of the zirconium- 
hafnium system. Method A described a spectrometer with a special 
16-inch collimator for resolving the HfL вг and the adjacent HfL в 
plus second-order ZrK sı. Method B proposed the comparison of an 
unresolved hafnium and zirconium line pair with a resolved zirconium 
line, and method С suggested the reduction of the excitation voltage 
to a value below that required to excite the zirconium К spectrum. 
Method C was said to have practical limitations, but the limits of 
detection for A and B, using reasonable counting times, were estimated 
to be as low as 0.1 percent Hf. The stated accuracy for method А was 
5 to 10 percent and for D about 4 percent. 

Studies of the X-ray absorption of hafnium and zirconium have 
also been made, but. there has been little practical application of this 
work. Cauchois and MacTaggart [101] have described a differential 
absorption procedure for the study of zirconium-hafnium solutions. 
and Zemany and his associates [ 102] have investigated the absorption 
of monochromatic and polychromatic X-rays in mixtures of zirconia 
and hafnia. | 

Various practical applications of the basic emission technique have 
been published. Fujiwara [103] has utilized an X-ray fluorescent 
procedure to study the formation of hafnium and zirconium metal- 
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loids and draw conclusions concerning their relative affinities for car- 
bon, nitrogen, and oxygen. Mortimore and Romans [104], using a 
special collimator similar to that described by Birks and Brooks, have 
employed fluorescent X-ray analysis to control a zireonium-hafnium 
separations plant, Their procedure consisted of blending the com- 
bined oxides with a corn starch binder, compressing the mixture into a 
briquette, and comparing the fluorescent X-ray intensities of HfL в; 
and ZrKg. The intensity ratio was referred to an analytical curve 
based upon synthetic standards. Тһе coefficient of variation was 
stated to be 3.8 percent at а concentration level of 10 percent hafnium 
and 0.75 percent. at a concentration of 40 percent hafnium. Recently, 
Vainshtein, e£ al. [105], have reported the use of an X-ray spectro- 
graph to determine hafnium in a zirconium matrix at. the 0.2 to 0.3 
percent level. The Russian group reportedly eliminated the zirconium 
interference by using low excitation voltages (about 18 kv), yet were 
able to measure the hafnium intensity. Tantalum and lutetium were 
added as reference elements. Despujols and Lumbroso [106] have 
been able to extend the detection limit to 0.016 percent hafnium using 
an aluminum monocrystal spectrometer. 


The Determination of Hafnium by Optical Spectroscopy 


Much of the essential information required for optical spectro- 
chemical analysis was published long before a great need for its 
practical application existed. Hensen and Werner [107] obtained 
hafnium concentrated from Coster and de Hevesy and measured 
approximately 750 are and spark lines in the optical region. Peter- 
son [108] observed the spectral lines in the region 2,500 to 3,500 А, 
and, subsequently, purer salts were supplied to Meggers [109] who 
reported the existence of some 1,500 hafnium lines bet ween 2,150 and 
9,250 A. Harrison [110] has included approximately the same num- 
ber of lines in his “Wavelength Tables." Term analyses for both 
the neutral and the ionized atoms have been published in the exten- 
sive works of Meggers and Scribner [111, 112], and Finkelnburg 
[113] has contributed to the measurement of first lonizational poten- 
tial. Based upon the fundamental contributions of these workers, 
the spectrochemical determination of hafnium has become a routine 
operation in many laboratories. 

Prior to 1940, the principal application of optical spectroscopy to 
the detection of hafnium was in the field of mineralogy. The methods 
employed were qualitative or, at best, semiquantitative, with the 
primary purpose being the detection or identification of some of the 
"rer elements from various mineral sources. Pina de Rubies and 
Aguado [114] studied the intensity of hafnium lines produced by 4-с 
arcing a mixture of sodium chloride and known quantities of hafnium. 
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By equilibrating certain spectral lines of hafnium and molybdenum, 
they were able to estimate the hafnium content in some minerals. Кеп- 
nard and Howell [115] and Morgan and Auer [115] reported the de- 
tection of small quantities of hafnium in zircons. Undoubtedly, similar 
observations were made in a number of laboratories; however, further 
discussion of this work is not warranted. 

With the development of the atomic energy program, the necessity 
for determining hafnium at low concentration levels became impera- 
tive, and the disclosure of numerous procedures began in 1949. 
Conway and Moore [117] have described a copper-spark technique 
[118] which, according to Huffman [119], was modified for use with 
graphite electrodes. The method was capable of detecting 0.1 micro- 
gram of hafnium and had a reported precision of 5 to 10 percent. 
At approximately the same time, Feldman [120] published his study 
of hafnium-zirconium mixtures using a porous-cup electrode [191] 
and condensed, high-voltage spark excitation of sulfuric’acid solu- 
tions. The procedure covered the hafnium concentration range of 
0.1 to 10.0 percent, with an indicated accuracy of +2.5 percent. of 
the amount present. Shortly thereafter, Fassel and Anderson [122] 
reported their exhaustive investigation of hafnium-zirconium ratios 
from 0.001 to 100 percent using a single exposure. An overdamped 
condenser discharge was used to excite a briquetted mixture of the 
combined oxides and flake graphite. By taking advantage of the 
similar chemical and physical characteristics of these elements, and 
carefully selecting analytical line pairs, they were able to obtain 
standard deviations of 1.5 to 2.0 percent over wide variations in 
analytical parameters. 

Numerous other procedures can be cited in the literature but will 
be mentioned only briefly. Kingsburg and Temple [123] have 
described a procedure for depositing oxides on flat graphite rods 
and determining hafnium from 0.01 to 55 percent. Various а-с and 
d-c arc techniques were described in the minutes of the Zirconium 
Analytical Conference [194] held at Massachusetts Institute of 
Technology in March 1952, and Mortimore and Noble [125] have 
outlined a procedure using the d-c arc and a BaF, buffer which 15 
particularly applicable to hafnium contents between 0.003 and 0.4 
percent. 

Kryuger, e¢ al. [126], have analyzed for hafnium in the range be- 
tween 0.01 and 15.0 percent, using an oxide-graphite-sodium pyro- 
phosphate mixture and the d-c arc. The reputed accuracy of this 
procedure is +1.5 percent. Additional references pertaining to 
various modifications of these basic procedures can all be found in 
the literature [127-134]. 
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8.3 THE ANALYSIS OF HAFNIUM METAL FOR IMPURITY 
CONTENT 


Sampling 


Three forms of hafnium metal are normally encountered in the 
atomic energy field, viz, sponge, crystal bar, and arc-melted ingot. 
As with zirconium and titanium, the sampling of sponge metal 
presents problems arising from the segregation of impurity elements. 
These effects are minimized, but not eliminated, by the use of rather 
large (5- to 10-gram) samples for impurity analysis. The method 
of Gilbert and Morrison [135] for sampling zirconium sponge by 
briquetting and drilling is somewhat unsatisfactory for hafnium 
sponge because of the more brittle nature of the latter material. 

Carborundum Metals [136] uses this procedure for sampling for 
magnesium and chlorine analysis only. Samples for other impurity 
analyses are obtained from a small arc-melted button of the metal 
prepared from a representative sample of the sponge. 

While the impurity content of crystal-bar hafnium is considerably 
lower than that of sponge, occasionally problems in segregation are 
still encountered [137]. For acceptance purposes, these problems 
are largely circumvented by the use of well-mixed, representative, 
chip samples. 

Arc-melted hafnium ingots are usually sampled by drilling or 
lathe-turning at top and bottom positions to provide representative 
chip samples for quality control or acceptance purposes. Depending 
on the quality of the ingot, occasional problems may be encountered 
in the segregation of tungsten and copper which are at times ac- 
cidentally and nonuniformly added to the ingot by the arc-melting 
process. Similar problems are frequently encountered in the sam- 
pling and analysis of shapes fabricated from arc-melted ingots. 

Because of the great affinity of hafnium and zirconium for the 
atmospheric gases, analyses for oxygen and nitrogen are best carried 
out on solid samples rather than chip samples in order to avoid 
gas absorption caused by the machining techniques required to ob- 
tain the latter type of sample. Some success in obtaining machine 
chip samples for gas analysis has been obtained by taking, at a low 
rate of feed, as heavy a chip or turning as possible. The tool tip 
may be cooled by directing a stream of air at the point of contact 
with the material. 


Chemical Methods of Analysis for Impurities in Hafnium 


As with other analytical techniques previously discussed, the an- 
alysis of hafnium for impurities employs methods identical to those 
used for zirconium. A number of monographs have been published 
on the subject. of the analysis of zirconium for impurities [188-141]. 
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The methods described in these publications can be used without 
modification for the determination of the impurity content. of 
hafnium metal. 

Methods of dissolution of hafnium and zirconium are also iden- 
tical. Both metals are readily soluble in hydrofluoric of fluoboric 
acids. The metals also dissolve slowly in hot, concentrated sulfuric 
acid. About 5 percent of water accelerates the dissolution in sulfuric 
acid by making the resulting sulfate salts soluble. Both metals are 
also slowly dissolved by heating in aqua regia. 

Because of the similarity of methods for zirconium and hafnium 
impurity analysis, only those methods which are used for the an- 
alysis of major impurity elements in reactor-grade hafnium will be 
discussed. For detailed outlines of the methods for these and other 
elements, the reader is referred to the monographs on the analysis 
of zirconium. | 


Nitrogen 


This element is normally determined by solution of the sample 
in hydrofluoric and hydrochloric acids, steam distillation of the 
resulting ammonia from a strongly basic solution, and colorimetric 
or titrimetric determination of ammonia in the distillate [139-142]. 
For the low nitrogen contents normally encountered in crystal-bar 
or arc-melted ingot samples, the colorimetric determination of am- 
monia with Nessler reagent is preferred. Vacuum fusion methods 
have not been widely applied to the determination of nitrogen because 
of the difficulty of recovering all the nitrogen in the sample and the 
complexity of the method in comparison with the solution technique. 


Titanium 


The yellow color produced by the reaction of titanium with hydro- 
gen peroxide in sulfuric or perchloric acids is used to determine this 
element. The color can also be developed іп hydrofluoric-sulfuric 
acid solution 1п which the fluoride ion has been complexed with 
boric acid [139, 140]. In either case, correction must be made for 
the interfering colors of vanadium and molybdenum peroxy com- 
pounds. 


Tron 


The most widely used method is the colorimetric procedure, based 
on the formation of the ferrous -1,10 phenanthroline complex as de- 
scribed by Ayers and Banks [143]. The color is developed in a 
neutral tartrate buffered solution by the addition of a reducing agent 
such as hydroxylamine hydrochloride and -1,10 phenanthroline. 
Precipitation of hafnium or zirconium in the neutral solutions is 
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prevented by complex formation with tartrate or citrate ion. The 
solutions must be heated at about 60° C for one-half hour to attain 
full color development |140, 143]. Center [139] Ваз described the 
application of the thiocyanate method to the determination of iron 
in zirconium metal. 


Copper 


This element is usually determined by chloroform extraction of 
the yellow-colored, cuprous-neocuproine complex from a neutral 
tartrate-buffered solution. Fluoride ion present from hydrofluoric 
acid dissolution is complexed with boric acid [139, 140]. Тһе use of 
neocuproine for the determination of copper in a wide range of 
materials has been extensively investigated by Smith and McCurdy 
[144] and Gahler [145]. The reagent is almost ideal from the stand- 
point of lack of interferences. No elements present in hafnium or . 
zirconium interfere with the method. 


Aluminum 


Freund and Miner [64] have described an anion-exchange proce- 
dure for the determination of aluminum in zirconium. Zirconium 1s 
` adsorbed on the resin from a hydrochloric-hydrofluoric acid solution, 
and aluminum is determined in the eluate with aluminum after 
separation of the residual zirconium and iron by extraction of the 
cupferrates of these metal ions into chloroform. Chromium, if pres- 
ent, 1s separated by volatilization as chromyl chloride. Goward and 
co-workers [140] modified the procedure by separating interfering 
impurities in the eluate by mercury cathode electrolysis, extracting 
aluminum as the 8-quinolinolate into chloroform, and measuring the 
fluorescence intensity of the resulting extract. Although hafnium 
is less strongly adsorbed by the anion resin than zirconium, the ad- 
sorption is sufficient to effect the separation of hafnium from alumi- 
num. Consequently, the method for the determination of aluminum 
іп hafnium is identical with that for zirconium. Eberle [139] has 
described a fluorimetric method for the determination of aluminum 
with Pontachrome Blue Black R after separation of the zirconium 
by precipitation with salicylic acid. The method has not been widely 
accepted by the zirconium-hafnium industry. 


Tungsten 


A number of variations of the thiocyanate method have been ap- 
plied to the determination of tungsten in hafnium and zirconium. 
The method of Freund [146] is the most widely accepted procedure 
[139, 140]. Samples are dissolved in hydrofluoric and nitric acids, 
and the solutions are fumed with sulfuric acid. Tungsten is reduced 
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in a strongly acidic chloride solution with stannous chloride, and a 
yellow-colored tungsten (V) complex is formed by the addition of 
potassium thiocyanate. Greenberg [147] has described the applica- 
tion of the dithiol method to the determination of tungsten in 
titanium, tantalum, and zirconium. The method appears to have no 
advantages over the thiocyanate method for zirconium and hafnium 
metal. 


Oxygen 


The hydrogen chloride volatilization method of Read and Zo- 
patti [139, 148], developed for the determination of oxygen in zirco- 
nium, has been applied to hafnium metal. Zirconium or hafnium is 
volatilized at elevated temperature with dry hydrogen chloride. Oxy- 
gen remains unvolatilized as the metal oxide and is determined either 
. by weighing the residue or by analyzing it for zirconium or hafnium 
content. Stanley, e£ al. [149], and Sloman and Harvey [150] have de- 
scribed the application of iron-bath vacuum-fusion techniques to the 
determination of oxygen in zirconium. Other investigators have re- 
ported only limited success with the iron-bath technique (1511. 
Smiley [152], using an inert-gas-fusion technique, has reported the 
successful determination of oxygen in a number of refractory metals 
using a platinum bath. А limited amount of investigation of the 
method for the analysis of hafnium and zirconium has been done by 
personnel of Laboratory Equipment Corporation [153]. The results 
are quite promising, but further investigation is still necessary. The 
application of the platinum-bath technique by Westinghouse and Na- 
tional Research Corporation to the vacuum-fusion method has yielded 
results in good agreement with the hydrogen chloride volatilization 
method for the determination of oxygen in zirconium. 1615 presumed 
that the method is equally applicable to the determination of oxygen 
in hafnium. Тһе bromine-carbon method developed by Codell and 
Norwitz [154, 155], principally for titanium, has been applied by the 
authors to the analysis of zirconium for oxygen content. Тһе sample 
is reacted with bromine and carbon in a heated tube to yield oxygen 
as carbon monoxide which is subsequently converted to the dioxide, 
adsorbed on ascarite, and weighed. Results in agreement with the 
hydrogen chloride method of Read have been obtained for low-oxygen 
(less than 500 ppm) hafnium [156]. Some difficulty is encountered in 
the analysis of zirconium if the oxygen content exceeds 1,000 ppm in 
that complete reaction of the oxide may be difficult to obtain. This 
difficulty may be circumvented by the use of a graphite boat and in- 
termittent mixing of the oxide-carbon mixture [156]. In any case, the 
method will not compete with some of the faster methods being devel- 
oped at this time. Fassel and Gordon [157] have recently described а 
spectographie method for the determination of oxygen in metals. 
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Oxygen is evolved as carbon monoxide in an argon atmosphere by d-c 
arcing the sample in the presence of platinum in a graphite electrode. 
The resulting carbon monoxide is determined in the argon by d-c are 
excitation and measurement of the 7,771 A oxygen line. The method 
yields results for the determination of oxygen in zirconium in satis- 
factory agreement with those obtained by the hydrogen chloride vola- 
tilization and platinum-bath fusion methods. 


Zirconium 


Indirect methods for the determination of hafnium-zirconium 
ratios are described in a preceding section. Since the zirconium con- 
tent of commercial hafnium generally lies below 2 percent, the various 
indirect methods are not applicable to the analysis of this material. 
Although it is conceivable that one of the previously described ion- 
exchange techniques for the separation of hafnium from zirconium 
could be applied to this determination, such a method would be only 
of academic interest in comparison with the rapid spectroscopic 
methods available for the routine determination of this impurity. 


Emission Spectrometric Determination of Impurities in Hafnium 


The effort expended to develop and validate spectrochemical pro- 
cedures for the determination of impurities in hafnium has been gov- 
erned to a large extent by the requirements of the atomic energy 
program, and, with only a few exceptions, there has been little neces- 
sity for exacting analyses. As a result, semiquantitative estimates 
have been used extensively for routine process control. Since zir- 
conium reduces the thermal neutron cross section of hafnium and 15 
normally present іп concentrations above 1 percent, a rigorous method 
frequently is desirable for its determination. Likewise, the accurate 
determination of copper and tungsten is of some importance, since 
these elements are likely to be introduced during melting and fabri- 
cation and may affect the behavior of the metal significantly. 


The Determination of Zirconium in Hafnium 


Since the early work of Coster and de Hevesy [1], the logical 
approach to the determination of major quantities of zireonium т 
a hafnium matrix has been X-ray spectroscopy, and, with the instru- 
ments currently available to the analyst, this determination сап be 
conveniently made with a high degree of accuracy. As mentioned 
previously, Mortimore and Romans [104] have described the appli- 
cation of this technique to the control of a hafnium-zirconium sepa- 
rations plant; modifications of this procedure have been used by 
others, including Fassel [158] and the authors. АП of the afore- 
mentioned analysts have converted the incoming samples to a com- | 
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mon combined oxide form prior to analysis in order to simplify 
standardization and accommodate a wide variety of sample forms. 
The synthetic oxide standards are usually prepared by ignition of 
the combined hydroxides which have been precipitated from solu- 
tions of known concentration. Mortimore and Romans have reported 
the use of corn starch as a binder for briquetting the combined 
oxides, whereas the authors have used alpha-cellulose for this pur- 
pose. Standard briquettes prepared with the latter binder have been 
used for years, apparently with no ill effects. Since gross errors are 
likely to be introduced if the sample and standard oxides do not 
have comparable properties, both should be prepared by identical 
procedures and reduced to a minus 200-mesh size prior to briquet- 
ting. To obtain correct results for oxides which have been prepared 
by the ignition of metal turnings, appropriate adjustments must be 
made to the analytical curve derived from synthesized standards. It 
is believed that the recent introduction of simplified solution attach- 
ments for X-ray fluorescent equipment will encourage the develop- 
ment of solution procedures in which sample and synthetic standard 
will always have the same form. 

Gray and Fassel [159] have been able to extend the determination 
of zirconium in hafnium to the 0.001 percent level with the optical 
spectrograph. Determinations within the range 0.001 to 0.2 percent 
zirconium are obtained by d-c arc excitation of an oxide graphite 
mixture, whereas determinations between 0.1 and 0.5 percent are 
made by excitation of a conducting briquette with an arc-like, over- 
damped condenser discharge. The coefficients of variation for the 
two procedures are approximately 8 percent and 4 percent, respec- 
tively. 


The Spectrochemical Determination of Im purities in Hafnium 


Because most hafnium specifications list the maximum impurity 
concentration for such elements as aluminum, calcium, copper, chro- 
mium, iron, magnesium, manganese, molybdenum, nickel, lead, sili- 
con, tin, titanium, vanadium, and tungsten in the parts per million 
range, optical spectroscopy has been used extensively for their rou- 
tine detection. Most of the laboratories performing these analyses 
have been closely associated with large zirconium operations; hence, 
it has been common practice to take advantage of the similar prop- 
erties exhibited by the two elements and to apply the same proce- 
dures to the analvsis of both. For convenience, and in some in- 
stances because of the scarcity of high-purity hafnium, some spectro- 
chemists have analyzed hafnium with analytical curves based upon 
synthetic zirconium oxide standards. Such procedures correlate rela- 
tive intensities to concentrations and require the appropriate gravi- 
metric correction. Should the preparation of a high-purity matrix 
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material be a necessity, fractional crystallization of the oxychloride 
or ion-exchange procedures appear to be the most practical approach 
to the removal of impurities from a relatively impure raw material. 

A number of analysts have described procedures for the determi- 
nation of impurities in zirconium which presumably can be adapted 
to the analysis of hafnium. Chandler [119] and Norris [129] have 
described procedures which incorporate the addition of cobalt as an 
internal standard. The former mixes the oxide with graphite and 
excites a small portion of the mixture in a d-c are which is stabilized 
with a rotating magnet. The latter excites the graphite-oxide mix- 
ture containing a small quantity of cobalt in a 4-с arc to determine 
some of the refractory and more prevalent impurities but resorts 
to а AgCl-AgBr-BaFy, carrier-buffer mixture for the lesser im- 
purities. 

Fassel and his co-workers [160] have described a procedure for 
the determination of the impurities aluminum, calcium, chromium, 
copper, iron, nickel, magnesium, silicon, and titanium in zirconium. 
Тһе procedure should also be applicable to the analysis of hafnium. 
The method employs the excitation of an oxide-graphite conducting 
briquette with an overdamped condenser discharge. Тһе reported 
coefficients of variation are approximately 5 percent, indicating that 
such а procedure is extremely useful for the intermediate concentra- 
tion levels when specification limits are approached. 

Because of the refractory nature of hafnium oxide and, to some 
extent, the complexity of the hafnium spectrum, many analysts have 
preferred to work with either buffered or carrier [161] type excita- 
tion. It is evident, however, that no single additive will be the best 
for the determination of every impurity. КаП [162] has added 
BaF, to his sample and reported considerable success by arcing the 
mixture and using zirconium oxide standards. Similar success using 
a mixture of AgCl and Са„Оз has been reported by Romans [163] 
who has also employed an adaptation of the Fassel conducting- 
briquette technique for the determination of aluminum, iron, chro- 
mium, magnesium, titanium, nickel, and manganese. The latter 
procedure employs standards synthesized from a high-purity НЮ. 
matrix. А silver chloride carrier procedure similar to that described 
by Spitzer and Smith [161] has been used with some success at 
Westinghouse, and satisfactory agreement between chemical and 
spectrochemical determinations has been obtained for aluminum, 
titanium, copper, and iron. Other additives which have been pro- 
posed are SrClo,.SrFo, and CuFs. 

Presumably, the procedure delineated by Hettel and Fassel [165] 
for the determination of certain rare earths in zirconium is аррП- 
cable to the determination of rare earths in hafnium. This proce- 
dure effectively combines ion exchange and spectrochemical practices 
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into a single method which enables the analyst to determine ex- 
tremely small concentrations of gadolinium, terbium, dysprosium, 
holmium, and samarium. First, the anion complex of the matrix 
metal is placed on an anion resin, then the rare earths are eluted 
and collected on an yttrium carrier which also serves as the internal 
standard for the spectrochemical procedure. Experimental data 
indicate good recoveries and acceptable precision. 

Other procedures which have appeared in the literature as proce- 
dures for the analysis of zirconium are enumerated and summarized 
in Table 8.4. 

Recently, considerable progress has been made in the development 
of point-to-plane procedures |170, 171] for the determination of im- 
purities in zirconium, and it can safely be presumed that, should the 
quantity of work warrant the costly preparation and evaluation of 
metallic standards, these procedures can be extended to include the 
determination of impurities in hafnium. The excitation sources most 
commonly being employed for these developments are high-energy, 
unidirectional, arc-like discharges or triggered a-c arcs. In general, 
greatly improved precision can be expected from such developments, 
and, in addition, the direct excitation of -the metal form provides а 
rapid means of confirming homogeneity. Determinations obtained 
with the current techniques, however, are likely to be influenced by 
metallurgical history and/or alloying constituents, and because of 
the small volume of production material to be tested, it is unlikely 
that point-to-plane procedures will be economically feasible in the 
near future. 


TABLE 8.4—PROCEDURES FOR THE DETERMINATION OF IMPURI- 
‚ TIES IN ZIRCONIUM WHICH HAVE APPLICABILITY TO THE ANAL- 
YSIS OF HAFNIUM 


SAMPLE FORM EXCITATION ADDITIONS Est. COEFF.| REF- 
VAR. ERENCE 
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Chapter 9 


THERMODYNAMIC PROPERTIES ОҒ 
HAFNIUM AND ITS COMPOUNDS 


By К. К. Килет! and Е. G. Kına! 


9.1 INTRODUCTION 


Experimental thermodynamic data for hafnium and its com- 
pounds are few in number and scattered as to substances. There is 
no substance for which data are complete, although they are nearly 
so for the dioxide. By estimating lacking data, it is possible to 
discuss the metal, the dioxide, the nitride, the carbide, and the four 
tetrahalides. Data for these substances are assembled in tabular 
form and are followed by thermodynamic values for the reduction- 
chlorination of the dioxide and the over-all reductions of the tetra- 
chloride by magnesium and sodium. 

Future experimental work undoubtedly will show many of the 
estimated data to be inadequate. However, without these estimates 
even a brief chapter, such as this, could not have been prepared. It 
is hoped that the present availability of pure hafnium in quantity 
will induce completion of experimental data for the metal and ac- 
celerate the synthesis of adequate compounds for use in thermal 
measurements so that the estimated values may be replaced by ex- 
perimental results in the near future. 


9,2 BASIC DATA 
Metal 


Hafnium metal has a hexagonal close-packed structure at ordinary 
temperatures. Conflicting reports of the temperature of the trans- 
formation from the hexagonal to the body-centered cubic form are 
discussed in Chapter 7 which indicates that 2,033° K is the most prob- 
able value. It was also indicated in Chapter 7 that the melting 
point of 2,495° K, determined by Deardorff and Hayes [1], is the 
best estimate available. 


1 U.S. Bureau of Mines. 
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Hafnium metal has a hexagonal close-packed structure at ordinary 
temperatures. Conflicting reports of the temperature of the trans- 
formation from the hexagonal to the body-centered cubic form are 
discussed in Chapter 7 which indicates that 2,033? К is the most prob- 
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1 U.S. Bureau of Mines. 
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The low temperature heat capacity of hafnium metal was measured 
by Cristescu and Simon [2] (13-210? К) and by Weertman, Burk 
and Goldman [3] (unpublished measurements, 50-200° K). The 
former workers observed a large heat capacity maximum at 75° K. 
This was not substantiated by the latter investigators, nor by Burk 
and Darrell [4]. As a consequence, the entropy is taken as 3258.15 
= 10.91 cal/deg mole, in accordance with the calculations of Stull 
and Sinke [5] from the data of Weertman, Burk, and Goldman. 

Neither the heat content nor heat capacity of hafninm above 
298° K has been measured, making it necessary to estimate values 
if thermodynamic calculations involving hafnium are to be con- 
ducted. Estimations for crystalline and liquid hafnium to 3,000? К 
were made by Stull and Sinke [5]. Their values of heat content 
above 298.15° K and entropy are adopted and listed in Table 9.1, 
after rounding to the nearest 10 cal and after adjustment to con- 
form with the melting temperature of 2,495° K found by Deardorff 
and Hayes [1]. Because of the large uncertainty regarding the 
transition temperature existing at the time, Stull and Sinke mini- 
mized the estimations by assuming only a single crystalline phase 
below the melting point. Therefore, the valdes in Table 9.1 at 
temperatures above 2,033° K are subject to correction for the heat 
of transformation, the magnitude of which is undetermined. 

Stull and Sinke [5] computed thermodynamic properties of mona- 
tomic hafnium gas to 3,000° K from spectroscopic data. Their values 
of the heat content (rounded to the nearest 10 cal) and entropy 
again are adopted and appear in Table 9.2. 

The only vapor pressure information is a roughly measured boil- 
ing point reported by Richardson [6] (5,400° K) and an estimate 
of the boiling point by Brewer [7] (5,500° K). Stull and Sinke [5] 
have combined their estimated thermal data with Brewer’s estimate 
of the boiling point to obtain heats and free energies of sublima- 
tion and vaporization to 3,000° K. In this Chapter their results 
have been modified (a) to take account of the change in melting 
temperature and (5) by altering somewhat the extrapolation of the 
heat content and entropy which is necessary for bridging the gap 
between 3,000 and 5,500° K. The adjusted values of the heat and 
free energy of sublimation and vaporization appear in Table 9.3, 
and the course of the vapor pressure-temperature relationship is 
shown in Table 9.4. 


Dioxide 


Hafnium dioxide is the only hafnium-containing substance for 
which basic thermodynamic data are substantially complete. The 
ordinary monoclinic variety of this substance is stable to around 
1,873° К, according to Curtis, Doney, and Johnson [8]. These 
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workers report the melting point as 3,178? К, while Brewer [9] 
gives 3,063?. Skinner, Beckett, and Johnston [10], select 3,0482 K 
as the melting point and 5,673? K as the boiling point. 

The heat of formation of the dioxide from the elements at 
298.15? К was measured by Humphrey [11] as —266.06 +0.28 kcal/ 
mole. The low temperature heat capacity (52-298? K) was measured 
by Todd [12] and the entropy was evaluated as 89,;15--14.18:< 0.10 
cal/deg mole. Orr [13] measured the high temperature heat content 
to 1,804? K. 

Table 9.5 contains the heat content increments (above 998.15? К) 
and entropy values of hafnium dioxide. Orr's data were extrapo- 
lated to 2,000? K. 

Table 9.6 contains heat and free energy of formation values to 
2,000? K. "These results differ from those published by Coughlin [14] 
because of the use of different entropy and high temperature heat 
content values for hafnium metal. (Тһе heat content and entropy 
values for oxygen are given in Tables 9.39 to 9.55 along with data 
for other nonhafnium substances.) 


Nitride 

The only experimental thermal value available for hafnium nitride 
is the heat of formation which was determined by Humphrey [11]. 
High temperature heat content and entropy values have been esti- 
mated by the present authors in Table 9.7, for use in obtaining the 
heats and free energies of formation in Table 9.8. Brewer and co- 


workers [15] give 3,580? K as the melting point and state that the 
nitride has an equilibrium pressure of 10-5 atm. at 2,500? K. 


Carbide 


No experimental heat data exist for hafnium carbide. Тһе present 
authors estimate the heat of formation as AH°295.15= — 44.7 kcal/mole. 
This is based upon Mah and Boyle's [16] value for zirconium carbide 
in comparison with the known heats of formation of dioxides |11, 17] 
and nitride [11, 18] of hafnium and zirconium. The high tempera- 
ture heat content and entropy values also are estimated. Тһе results 
appear in Tables 9.9 and 9.10. Brewer and co-workers [15] list 4,160? 
K as the melting point of hafnium carbide and state that the substance 
is slowly volatile in high vacuum at 2,2009 K. Skinner, Beckett, and 
Johnston [10] and Agte and Moers [19] also select 4,160? K as the 
melting point. 


Tetrafluoride 


The only thermal data in the literature for hafnium tetrafluoride 
are estimates. Brewer and co-workers [20] list —436 kcal/mole as 
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the heat of formation at 298.15° K. Brewer [21] also estimates the 
melting and normal boiling points to be coincident at 1,200° K, and 
the heats of fusion and sublimation to be 18 and 45 kcal/mole. 
These values are used in conjunction with our estimates of the en- 
tropies and heat contents (Tables 9.11 and 9.12) to obtain the heats 
and free energies of formation and sublimation (Tables 9.13, 9.15, 
and 9.16) and the vapor pressure in Table 9.14. 


Tetrachloride 


The low temperature heat capacity of hafnium tetrachloride 
(52-298° К) was measured by Todd [12] and the entropy obtained 
aS $?5595157745.6 0.6 cal/deg mole. Orr [13] measured the high 
temperature heat content to 486° K. Brewer and co-workers [20] 
estimate the heat of formation as —255 kcal/mole. Brewer [21] 
gives the melting point as 705? K and estimates the heat of fusion 
as 10.5 kcal/mole. He also lists 590? K as the 1-atm sublimation 
point and 24 kcal/mole as the heat of sublimation, in accordance 
with the work of Fischer, Gewehr, and Wingchen [22]. Тһе present 
authors estimate the high temperature heat content of the gas as 
shown in Table 9.18. These data are combined to obtain the heats 
and free energies of formation, the heats and free energies of subli- 
mation, and the sublimation pressure, given in Tables 9.17 to 9.22. 


Tetrabromide 


Brewer [21] gives 693? K as the melting point of hafnium tetra- 
bromide and 595? K as the normal sublimation point. He estimates 
the heat of fusion as 10 kcal/mole and gives 24 kcal/mole as the 
heat of sublimation, adopting the measurements of Fischer, Gewehr, 
and Wingchen [22]. Brewer and co-workers [20] estimate the heat 
of formation at 298.15? K from the metal and gaseous diatomic 
bromine to be —225 kcal/mole. All other values employed in com- 
piling Tables 9.23-9.28 were estimated by the present authors. 


Tetraiodide 


The heat of formation of hafnium tetraiodide was estimated by 
Brewer and co-workers [20] as —175 kcal/mole at 298° K, from 
gaseous diatomic iodine and metal. Brewer [21] estimat2s the melt- 
ing point as 750? K, the heat of fusion as 11 kcal/mole, the normal 
sublimation point as 700? K, and the heat of sublimation as 98 
kcal/mole. All other data necessary for compiling Tables 9.29-9.34 
were estimated by the authors. 


Hydride 


In their study of the equilibrium phase relationships between haf- 
nium and hydrogen Veleckis and Edwards [40] calculated in detail 
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thermodynamic properties for the various solid phases of 779° C. 
Details pertinent to pressure-concentration isotherms are to be found 
in Chapter 6. The calculations covered the concentration range of 
О to 57 atom percent. Н, in hafnium and thus included the a phase, 0 
to 8.67 а/о; the «+8 region, 8.67 to 34.5 а/о; and the 8 phase ranging 
from 34.5 to 57 a/o. 

Figure 9.1 is a plot of the logarithm of equilibrium H, pressure 
vs reciprocal absolute temperature for varying concentrations of hy- 
drogen in hafnium. The slopes of these curves yield the relative 
partial molal enthalpies. The curve t-t of Figure 9.1 is taken for 
the (a—8) two-phase region, and its slope yields the “apparent” rela- 
tive partial molal enthalpy of hydrogen in «+8. The relative partial 
molal enthalpies of the « and 5 phases along with the “apparent” quan- 
tities for («—8) were then used to calculate the integral enthalpy of 
mixing (АН”) of hydrogen with hafnium by means of the Gibbs- 
Duhem equation. The relative partial molal enthalpies are illustrated 
graphically in Figure 9.2. 

The relative partial molal free energies for hydrogen (АЕн.) were 
obtained from the equilibrium pressure data, and, by use of the Gibbs- 
Duhem equation, the relative partial molal free energy value for Hf 
(AF u-) and integral values for the formation of solid solution (AF’) 
were determined. These data are shown in Figure 9.3. The entropy 
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Curves for the Composition Range and Integral Enthalpies for H;-Hf 
15 to 57 Hydrogen Atomie System at 779° C (АН” in 


Percent. keal/gram Atom Hf). 
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-40 


-6.0 


AF ІМ кесі /MOLE 


kco! / MOLE 


-8.0 


TAS IN 





to 20 30 40 50 10 20 30 40 50 
HYDROGEN, о/о HYDROGEN ‚в/о 
Ficure. 9.3. Relative Partial Molal FIGURE. 9.4. Relative Partial Molal 
and Integral Free Energies for and Integral Entropies for H.-Hf 
H;-Hf System at 779° C (AF' in System at 779° С (TAS’ in 
kcal/gram Atom Hf). kcal/gram Atom Hf.) 


data of Figure 9.4 were then obtained from the free energies and 
enthalpies. It is emphasized that all values are for а temperature of 
779° C only. 


Other Substances 


The melting point of hafnium boride (HfB) is 3,608? K, according 
to Agte and Moers [19]. This is 70° higher than the melting point 
of the corresponding zirconium boride. 

Gruen and Katz [23] have reported 628? K as the normal boiling 
point of the hafnium chloride-phosphorus oxychloride complex 
(8HfCl,-2POCI;) and 90.5 kcal/mole as its heat of vaporization. 
The same authors give 633? K and 20.5 kcal/mole for the correspond- 
ing zirconium compound. 
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9.3 METALLURGICAL REACTIONS 
Reduction-Chlorination of Hafnium Dioxide 


One of the steps of extractive metallurgy of hafnium is the reduc- 
tion-chlorination of the dioxide to produce hafnium tetrachloride, 
according to the reactions 


НЇО, (с) +20 (c) +2Cl.(g) &HfCl,(g) -2CO(g) (1) 
and 


Н+О, (с) +0 (c) -9Cl, (9) &HfCl,(g) CO, (9). (9) 


The heats and free energies of these reactions are assembled in Tables 
9.35 and 9.36, along with data for the corresponding reactions involv- 
ing the analogous zirconium compounds. 

Reaction (1) is exothermic throughout the temperature range 
298-2,000? К, while the corresponding zirconium reaction is slightly 
endothermic at temperatures below 1,400° K, according to the data 
in Table 9.35. Although the heat values for the hafnium reaction 
involve an estimated heat of formation of hafnium tetrachloride, it 
is highly probable that the indicated difference in reaction heats 
(approximately 20 kcal) is real. Brewer and co-workers’ [20] esti- 
mated heat of formation of zirconium tetrachloride has been sub- 
stantiated by experiment and there is no reason to believe that their 
similarly made estimate for hafnium tetrachloride should be seri- 
ously in error. 

Reaction (2) is highly exothermic as is the corresponding zir- 
conium reaction. From the free energy standpoint, reaction (2) 
predominates at temperatures below about 1,0009 К; reaction (1) 
predominates above 1,000° K. Both reactions are thermodynamically 
potent and theoretically will go to virtual completion. Comparison 
of reduction-chlorination free energy data for the dioxides of haf- 
nium, zirconium, and titanium shows that at 1,000° K the potency 
of reaction increases in the order zirconium-titanium-hafnium. 


Magnesium Reduction of Hafnium Tetrachloride 


The Kroll process for producing’ hafnium metal involves the 
reduction of hafnium tetrachloride by magnesium: 


НЕ]. (с, 9) -2Mg (с, 7, 9) =Hf(¢c) - 2MgCl;(o, 0). (3) 


This reaction undoubtedly occurs in three steps which, in turn, pro- 
duce trichloride, dichloride, and metal. At present, no thermody- 
namic data exist for the lower chlorides of hafnium and, as a 
consequence, only the over-all reaction is calculable. Table 9.37 gives 
heat and free energy values for reaction (3) and for the corresponding 
reaction to produce zirconium. 
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TABLE 9.3—VAPORIZATION DATA FOR HAFNIUM (с, 1) 


тск) 


ЗЕЕ 


< 


LJ 


moh к 
e 
© 


Ss 


ә” 


о Ф 


бл > Ф 
© 


tO BR) BO bO BO bO bO LO RO RO мы m = 


= 


2228 


! Melting point. 


AHy 
(kcal/mole) 


AaOnNWHOdoWOrHNWHRAONNWWO OOK NN 090 OQ I 00 


АҒУ 
(kcal/mole) 


P(atm) 


4.6 10-1 
2.8 X 10-1 
1.5X 107? 
6.7 Х10- 
2.5X 107? 
2.5X 10-8 
2.7 X 10-8 
9.2 10-8 
2.9X 10-7 
8.5 1077 
2.3 X 10-8 
5.7Х10- 


әоо«а-оошошоошсоюо о 


TaBLE 9.4—VAPOR PRESSURE ОЕ HAFNIUM (с, 1) 


тек) 


---------..-...... 
--------.--........ 
-------..--.-....... 
-------....-....... 
-------..-.-.-....... 


Р(айп) 


тск) P(atm) 
3,900 i ik ашыта даа 10- 
EU) ETE 107 
4 ү! Joes sce see See 10° 
ЗО 107! 
5,900. etu ees 1 
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Тав,е 9.5—HEAT CONTENT AND ENTROPY ОЕ НЮ: (с) 


T(°K) Hq—H?s ц Вт 

(cal/mole) (cal/deg mole) 
298.15-------- 0 14. 18 
400. ......... 1, 540 18. 61 
500. ........- 3, 170 22. 24 
600. ......... 4, 900 25. 40 
200 6, 710 28. 19 
800---------- 8, 570 30. 67 
900. Less 10, 450 32. 88 
1, 000. ....... 12, 350 34. 88 
1, 100-------- 14, 280 36. 72 


T 


5555 


СЕ 
SSS 


-+ 


N mm не не mA кы ка кі кә 
5% 


(°K) 


H4—H 9.15 


(cal/mole) 


16, 230 
18, 200 
20, 200 
22, 220 
24, 260 
26, 320 
28, 400 
30, 500 
32, 620 


87 


(cal/deg mole) 





38. 42 
40. 00 
41. 48 
42. 87 
44. 19 
45. 44 
46. 63 
47. 76 
48. 85 


TABLE 9.6--НЕАТ AND FREE ENERGY OF FORMATION OF HfO;(c) 


LES | ee ee eO URGE SR ENS mes аг ВФ ист SAS | УВЫ AS I 


тек) АН°(0 AF*(f) 
(kcal/mole) (kcal/mole) 
298.15-------- — 266. 1 — 252. 4 
400---------- — 265. 9 — 247.8 
ООО nuc — 265. 6 — 243. 3 
600---------- — 265. 3 — 238. 9 
700---------- — 264. 9 — 234. 5 
800: nc — 264. 5 — 230. 2 
900. 22-222. — 264. 1 — 225. 9 
1, 000. ....... — 268. 7 — 221. 7 
1,100_------ — 263. 3 --217. 5 


тек) 


АН°(0 
(kcal/mole) 


| 

to 

e 
ыыы! 
NH сл Ф со 00 to с Ф 


AF”? (f) 
(kcal/mole) 





— 213. 
— 209. 
— 205. 
— 201. 
— 197. 
— 193. 
— 189. 
— 185. 
— 181. 


М юм = шм pi ret м М Ф 


TABLE 9.7—HEAT CONTENT AND ENTROPY ОЕ НИМ (©) 





T(°K) Hy—H° m.s ST 

(cal/mole) (cal/deg mole) 
298.15-------- 0 10. 91 
400. ........- 1, 080 14. 02 
500-22 5225-25 2, 170 16. 45 
БӨ): 2 би сы 3, 270 18. 46 
100222225564. 4, 400 20. 20 
800. ......... 5, 550 21. 74 
900 peni 6, 720 23. 11 
1, 000........ 7, 920 24. 37 
1, 100........ 9, 140 25. 54 


T 


CK) 


H4—H ^s. 


(cal/mole) 


10, 380 
11, 640 
12, 920 
14, 220 
15, 550 
16, 900 
18, 270 
19, 670 
21, 090 


8т 


(cal/deg mole) 





334 


THE METALLURGY OF HAFNIUM 


TaBLE 9.8--НЕАТ AND FREE ENERGY OF FORMATION OF HfN(o) 


AF*(f) 
(kcal/mole) 





AF*(f) 
(kcal/mole) 


—— |— —MÓÁ——— | c ———— 0 | 


T(°K) АН°(0 

(kcal/mole) 
298.15_------- — 88. 2 
400---------- — 88. 1 
500. omi —88. 0 
600---------- —87.9 
700_--------- —87. 8 
800- eRe --87.7 
900---------- —87. 6 
1, 000-------- —87. 5 
1, 100-------- — 87. 3 


тек) AH*(f 

(kcal/mole) 
1, 200. ....... —87.2 
1, 300........ —87.1 
1,400........ —87. 0 
1, 500........ — 86. 8 
1, 600. ....... — 86. 7 
1, 200.51. — 86. 5 
1, 800........ — 86. 3 
1, 900______-- — 86. 2 
2, 000........ — 86. 0 


TABLE 9.9—HEAT CONTENT AND ENTROPY OF HfC(c) 


o 


Вт 


(cal/deg mole) 


8T 


(cal/deg mole) 


€ ынны | c ÀMÀ—Ó——nÓ— ne en | cp rrr cpi 


тек) Hy—H°se.1s 
(cal/mole) 

298.15-------- 0 
400---------- 950 
500_--__------ 1, 920 
600___-_--__- 2, 920 
4200. een 3, 950 
800.........- 5, 010 
900. ......... 6, 110 
1,000-....... 7,240 
1, 100______.- 8, 400 


тек) HT—H?s9.1 
(cal/mole) 

1.200... 9, 590 
1, 300........ 10, 810 
1, 400-------- 12, 060 
1, 500-------- 13, 350 
1, 600-------- 14, 670 
1, ТОО 22—255. 16, 020 
1, 800-------- 17, 400 
1, 900. ....... 18, 810 
2, 000-------- 20, 260 


TABLE 9.10—HEAT AND FREE ENERGY OF FORMATION OF HfC(c) 


AF*(f) 
(kcal/mole) 


AF*(f) 
(kcal/mole) 


———————M { —ÓÓÓÓOMMM | | ——————Ó» |————— J| ——— M 


тек) AH*(f) 

(kcal/mole) 
298.15._.____- — 44.7 
400_________- — 44.6 
500_________- — 44. 6 
600________-- — 44. 6 
700__.___.__- —44.7 
800_________- —44.7 
900_.________. — 44. 8 
1,000.______- —44. 9 
1, 100_______- — 44. 9 


Q2 > ON OO н t 


T(°K) АН°(0 

(kcal/mole) 
1200 222 — 45.0 
1200:-->2202 — 45. 0 
1,400--...... —45. 1 
1, 500........ —45. 1 
1, 600........ —45. 1 
1, 700. ....... — 45.1 
1, 800-------- — 45. 1 
1, 900. ....... -45.1 
2, 000-------- — 45. 1 





-——R— 0 c ———— > — a ——— M Ms — M M ——— ҰҚ 
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TABLE 9.41 —HEAT CONTENT AND ENTROPY OF HfF,(c) 


тек) Нт—Н° 8т тек) Нт-Номи 8т 

(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
298.15.______- 0 31. 50 || 1, 000-------- 20, 500 65. 96 
400 2, 650 39. 14 || 1, 100-------- 23, 840 69. 14 
500----__ дыры 5, 360 45. 18 || 1, 200-------- 27, 290 72. 14 
600... _____ 8, 180 50. 32 || 1, 300........ 30, 840 74. 99 
700 сын адды 11, 100 54. 82 || 1, 400-------- 34, 500 77. 70 
800__________ 14, 130 58. 86 || 1, 500-------- 38, 260 80. 29 
900. 22227-22 17, 260 62. 55 | 


TABLE 9.12-НЕАТ CONTENT AND ENTROPY OF НғЕ, (р) 





T(°K) Нт—Н° | 87 тек) Нт—Н°м.ц St 

(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
208.15... ___ 0 77.72 | 1, 000. ....... 16, 100 105. 09 
400. ...... 2, 200 84. 06 || 1, 100------ pm 18, 580 107. 45 
500---------- 4, 400 88. 97 || 1200-------- 21, 100 109. 64 
600... 6, 640 93. 05 || 1,300........ 23, 650 111. 68 
ООо 8, 930 96. 58 || 1, 400-------- 26, 220 113. 59 
800------_-_- 11, 270 99. 70 || 1, 500-------- 28, 800 115. 37 
900... 13, 660 102. 52 





TABLE 9.13—SUBLIMATION DATA FOR HfF;,(c) 


тек) AH, AF, P (atm) 
(kcal/mole) | (kcal/mole) 








208.15. ....... 51. 2 Sy ИЕСИ ERE 
400----------- 50. 7 92-8 [ieu 
14.) ЖИР ЕУ 50. 2 288-і а-а бы 
600-.---------- 49. 6 24.0 | 18Х10” 
(00. nee 49. 0 19. 8 | 6.6X 1077 
800 :--------. 48.3 15.7 | 5.1Ж 10-5 
ӨОО = 2522228. 47. 6 11. 6 | 1.5Ж 10-3 

1, 000--------- 46. 8 7.7 | 2.1Ж 107? 
1,100 2224. 45. 9 3.8 | 1.8X 10-7! 
1.200.122. 22а 45. 0 0.0 | 1.0 


1 Normal sublimation point. 


886 


TaBLE 9.14—SUBLIMATION PRESSURE ОЕ НЕЁ. (с) 


T(°K) P(atm) 

O26 225225 80e55 10- 
664----------- 10-7 
ОВ 10-6 
758_---------- 10-% 
Bii. eee we ` 10-4 





T(° K) AF*(f) 
(kcal/mole) 
208.152 0522222 — 412. 2 
400. ........- — 404. 5 
500. ........- — 397. 0 
600. ......... — 389. 6 
400. due — 382. 3 
1 Normal sublimation point. 


тск) 


тек) 
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P(atm) 


AH*(f) 
(kcal/mole) 


TABLE 9.16—HEAT AND FREE ENERGY OF FORMATION OF HfF,(g) 


TC K) 


АН°(0 
(kcal/mole) 


eee | área Po] ———— па 


T(° K) AH’ (f) AF°(f) 
(kcal/mole) (kcal/mole) 
298.15-------- — 383. 8 --874.8 
400---------- — 383. 8 --871.7 
500---------- — 383. 9 -- 868. 7 
600---------- — 383. 9 — 365. 6 
100-22. 4-2 — 384. 0 --362. 5 
800---------- --884. 0 --859.5 
900---------- — 384. 1 — 356. 1 


1 Normal sublimation point of HfF«(c). 


TaBLE 9.17—HEAT CONTENT AND ENTROPY OF HfCL(c) 


Hq—H?».1 


(cal/mole) 


87 


(cal/deg mole) 


————— |А {| | | | ———ÀÀ 


тек) Нт—Н°®ж 1, ST 
(cal/mole) (cal/deg mole) 
298.15-------- 0 45. 60 
350-222 nus 1, 520 50. 30 
400. ......... 3, 010 54. 28 
450---------- 4, 510 57. 81 
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TaABLE 9.18—H EAT CONTENT AND ENTROPY OF HfCL(g) 


ST 
(cal/deg mole) 


тек) H4—H?m.u 8т 
(cal/mole) (cal/deg mole) 


eee | eee | | MM M I | речи вить || a —M——MMQ —oáu— =н. 


T(° к) Нт—Н° m.s 
(cal/mole) 

298.15-------- 0 
400. ........- 2, 490 
500. ........- 4, 980 
600. ......... 7, 500 
700. ......... 10, 030 
ВОО 5: 12, 580 
900 nuoc 15, 140 


1, 000. ....... 17, 700 120. 15 
KA 20, 270 122. 60 
1; 200... 22, 840 124. 83 
1,300-------- 25, 420 126. 90 
I;400..- 28, 000 128. 81 
1;500:-5222.- 30, 590 130. 60 


TaBLE 9.19—SUBLIMATION DATA FOR НЕСІ, (с) 


(kcal/mole) | (kcal/mole) 


тек) AH, 

298.15-------- 25. 5 
400----------- 25. 0 
ОО Sins 24. 5 
5901... ....... 24.0 
600----------- 23. 9 
7100----------- 23. 4 

1 Normal sublimation point. 


AF, P (atm) 





12.3| 9.6Х10-% 
7.9 | 4.8х 10-5 
3.7 | 2.4Х10-: 


0.0 1.0 
—0. 4 1.4 
--4.4 | 24 


TABLE 9.20—8UBLIMATION PRESSURE OF НЕСІ, (с) 


P(atm) 


тск) 


de 316 
ЕЗ 336 
dd 351 
zx 382 
e. 410 


P(atm) 1 (°K) 
Оаа 442 
10532625222 482 
| a асар 530 


| eae epee В 590 


TARLE 9.21-НЕАТ AND FREE ENERGY OF FORMATION ОЕ НІС (с) 


AF*(f) 
(kcal/mole) 


T(° K) АН°(0 АЕ°(0 
(kcal/mole) (kcal/mole) 


— ——— | — ——— || OM |S | 


T( K) AH*(f) 
(kcal/mole) 
298.15-------- — 255. 0 
400—---------- — 254.8 
БОО 2225522. — 258. 6 


1 Normal sublimation point. 


— 233. 5 
— 226. 3 
— 219. 4 


59001. dois — 253. 0 — 213. 3 
600 25235252 — 253. 0 — 212. 6 
100... 222 — 252. 3 — 206. 0 
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TARLE 9.22—HEAT AND FREE ENERGY OF FORMATION OF HfCL(g) 


АЕ°(Г) 
(kcal/mole) 


АН?() 
(kcal/mole) 


AF*(f) 
(kcal/mole) 


T(° K) AH°(f 
(kcal/mole) 
298.15-------- — 229. 5 
400. ........- — 229. 3 
500... ....... — 229. 2 
5901--------- —229. 0 
600---------- — 229. 0 
ТОО secos — 228. 9 
800---------- — 228. 8 


1 Normal sublimation point of HfCi«(c). 


— 228. 4 


— 192.2 


TaRLE 9.22 —HEAT CONTENT AND ENTROPY ОЕ HfBr,(o) 


Нт—Н° 


(cal/mole) 


T(° K) 


St 
(cal/deg mole) 


Нт—Н° 15 


(cal/mole) 


бт 
(cal/deg mole) 


9, 900 


79. 74 


TaBLE 9.24—HEAT CONTENT AND ENTROPY OF HfBri(g) 


тек) H1—H^m.i5 Sp T(° K) Нт—Н° ль 8т 

(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
298.15-------- 0 102. 18 || 1, 000. ------- 18, 000 133. 16 
400-—--------- 2, 590 109. 67 || 1, 100. ....... 20, 590 135. 63 
500---------- 5, 140 115. 35 || 1,200-------- 23, 180 137. 89 
ВО): 7, 700 120. 02 || 1, 300-------- 25, 770 139. 95 
О сы. 10, 270 123. 98 | 1, 400-------- 28, 370 141. 87 
800. ......... 12, 840 127. 42 || 1, 500. ....... 30, 970 143. 67 
900 ЕЕ 15, 420 130. 44 
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ТлвгЕ 9.25—SUBLIMATION DATA FOR HfBr,(c) 


тк) 


АН AF, P(atm) 
(kcal/mole) | (kcal/mole) 





EPA 26. 2 12.7 | 4.9X 10-0 
AE 25. 6 82| 3.3x10-5 
262 24. 8 3.9 | 2.0Ж10- 
зі 24. 0 0.0; 0.0 

D 23. 9 —0.2 1.2 

ius 22. 9 —4.2 | 20 


1 Normal sublimation point. 


Тлпге 9.26—SUBLIMATION PRESSURE OF 


тск) 











HfBr,(c) 

P(atm) тек) P(atm) 
1078 || 448----------- 107? 
I0-* || AB (coc ce ue 10-3 
10-8 || 534----------- 10-1 
10-5 || 5958----------- 1 
10-4 


TABLE 9.27—HEAT AND FREE ENERGY OF FORMATION OF HfBr,(c) 


тек) АН°(0 AF°(f) T(° K) AH?(f) AF°(f) 
(kcal/mole) (kcal/mole) (kcal/mole) (kcal/mole) 
298.15_-.------| —225.0 — 208. 8 || 5951!1--------- — 222. 4 — 133. 6 
400---------- — 224.2 — 196. 6 || 600--.------- — 222. 3 — 183. 3 
500. ......... — 223. 3 — 189.9 || 700---------- — 221. 2 —176.8 


1 Normal sublimation point. 


519561 О--60---23 
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TABLE 9.285—H EAT AND FREE ENERGY OF FORMATION OF HfBr,(g) 


т е emer ace ree cern ae сар ce SN 


Te K) АН°(0 AF*(f) T(° К) AH°(f) АЕ°(0 
(kcal/mole) (kcal/mole) (kcal/mole) (kcal/mole) 
298.15. ......| — 198. 9 — 191. 1 || 900. ......... — 198. 0 -- 176. 1 
400. ......... — 198. 7 — 188.5 | 1, 000........ — 197. 9 — 173.7 
500. ......... — 198. 5 — 186. 0 || 1, 100. ....... — 197.8 — 171.2 
nc eee НЕ -- 108. 4 — 183. 6 || 1, 200_------- — 197. 8 — 168. 8 
600. ......... — 198. 4 — 183.5 || 1, 300. ....... — 197. 7 — 166. 4 
ТОО одложат — 198. 2 — 181.0 | 1,400........ — 197. 6 — 164. 0 
ВОО ns — 198. 1 — 178. 6 || 1, 500. ....... — 197. 6 — 161.6 


1 Normal sublimation point of НВг; (с). 


TaRLE 9.29—HEAT CONTENT AND ENTROPY OF НП). (с) 


тек) Нт-Н°з ль ST тек) HT—H?m.i5 `Зт 
(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
--------------------.-------|----------------------|-----------------||-----------------------|------------------- Puig 
208.15........ 0 64. 50 || 600. ......... 10, 750 89. 31 
400--.-------- 3, 550 74. 74 | 700---------- 14, 460 95. 03 
500---------- 7,110 82. 68 || 800---------- 18, 250 100. 09 


Тағһе 9.30-НЕАТ CONTENT AND ENTROPY ОЕ НЦ. (8) 











тек) HT— H?ss.i5 ST тек) Нт—Н°звл ST 

(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
ZUN. ак 0 112, 54.1] 1,000. ss 18, 250 144. 30 
АО lxi 2, 650 120. 48 I 00.522295 20, 850 146. 78 
500... қ 5, 250 126.98 СОУ 2 23, 450 149. 04 
ШИү” 42212224 7, 850 131.02 || 1,300.......1 26,050 151. 13 
TU cim 3. 10, 450 19503. 1d 400 5c c coa 28, 650 153. 05 
8002... us 13, 050 138250 |. 2, 500-12... -- 31, 250 154. 85 
Un ЗА 15, 650 | 141. 56 
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TaRLE 9.31—SUBLIMATION DATA FOR Н, (с) 





тек) AH; АЕ? 

(kcal/mole) | (kcal/mole) 
29815222 32.0 17.6 
400. .........- 3l. 1 12. 8 
ООО o ые 30. 1 8. 4 
600222052 29.1 4.1 
ТОО as 28. 0 0. 0 
BUD Lu nanc 26. 8 —3.9 


1 Normal sublimation point. 


TaRLE 9.32—SUBLIMATION PRESSURE OF НЯ, (с) 


| 








P(atm) 


em | ----- ----------- ——— 


1.3X 10-8 
1.01077 
2. 1X 10-4 
3. 2X 107? 
1.0 





T(° K) P(atm) тек) P(atm) 
379 Re салы 1073 || 525..........- 10-3 
400----------- ТООТ аы 10-3 
A eus 10-6 || 628.........-- 10-1 
454_---------- 10-5 || 700----------- 1 
487_--.-------- 10-4 
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TABLE 9.38—HEAT AND FREE ENERGY OF FORMATION OF НЕ, (с) 


АН°(0 
(kcal/mole) 


AF*(f) 
(kcal/mole) 


T(° K) AH*(f) AF°(f) T(° K) 
(kcal/mole) (kcal/mole) 

298.15_------- — 175.0 — 153.9 | 600...... 

400_—-------- — 173.9 — 146. 8 | 70012. 

500. ......... —172.7 — 140. 2 || 800------ 


1 Normal sublimation point. 
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TaBLE 9.34-НЕАТ AND FREE ENERGY OF FORMATION OF Hfl) 


T(° K) AH*(f) AF*(f) T(° K) АН°(0 АЕ°(0 

(kcal/mole) (kcal/mole) (kcal/mole) (kcal/mole) 
298.15-------- — 148.0 — 136. 3 || 1, 000-------- — 141. 9 — 121.3 
400. ........- —142.8 — 134.0 || 1, 100-------- —141. 8 — 119. 3 
500---------- — 142. 6 — 131.8 || 1, 200-------- — 141. 8 — 117. 2 
600. ......... — 142. 4 —129.7 | 1, 300........ — 141. 7 — 115. 2 
7001-.--.------- — 142. 3 — 127. 6 1, 400. ------- — 141.7 — 113. 2 
800. ......... — 142. 1 --125.5 | 1, 500-------- — 141. 6 — 111.2 
900-22 — 142. 0 — 123. 4 


1 Normal sublimation point of НП (c). 


TABLE 9.35—HEATS AND FREE ENERGIES OF THE 
REACTIONS 


HfO,(c) -- 2C (c) + 2Cl(g) 2HfCL(g) + 2CO (g) 
2гО, (с) + 2C (c) +261, (6) 2ZrClL(g) + 2CO(g) 


Hf Zr 
T(° K) 

AH? АЕ” AH? AF*? 

(kcal) (kcal) (kcal) (kcal) 
298.15-------- — 16. 3 — 34. 4 3. 8 —15. 2 
400---------- — 16. 1 —40. 7 4. 0 —21.7 
500---------- --16. 2 --46.8 3.9 --28.1 
0600-22 zu — 16. 4 — 52, 9 3.7 — 84. 5 
700---------- —16. 8 — 58. 9 3. 4 — 40. 8 
800 асаа — 17.3 — 64. 9 3. 1 — 47. 1 
ООО couse --17.9 --70.9 2.6 — 53. 3 
1, 000-------- — 18. 4 — 76. 8 2. 1 — 59. 5 
1,100-------- — 19.0 --82.6 1.6 --65. 7 
1, 200---.---- — 19. 7 — 88. 3 1. 0 —71.7 
1, 300-------- — 20. 3 — 94, 0 0.5 — 77. 8 
1, 400-------- --21.0 — 99. 6 —0. 1 — 83. 9 
О: — 0. 5 — 88. 5 
bh т. нєл мезсьскара аа еб --1.9 --88.5 
1, 500-------- --21.7 -- 105. 2 —2.1 — 89. 8 


1 Transition point of ZrO;. 


THERMODYNAMIC PROPERTIES 


TABLE 9.36—H EATS 


НЮ. (с) + C(e) +201: (g) =HfCh (g) + СО, (8) 
2тО, (е) + С(е) +2Cl:(g)=ZrCl (g) + СО, (р) 


Hf 
т(° К) 
АН? АЕ? 
(kcal) (kcal) 
ZUR IB ВЕРУ — 57. 5 — 63. 1 
MIU ЖТК — 57. 5 — 65. 0 
"UD Sa dn dés --57.7 — 66. 8 
‚В es АЕ — 57.9 — 68. 6 
(1) oem — 58. 2 --70. 4 
71 | Seen ТЕРА — 58. 5 --72.1 
MU uam na dcn — 58.8 --78.8 
1, 000_______- --59. 2 Te 
ДОО ee une — 59. 6 —77.0 
oe | | oe n — 60. 0 —78. 6 
L 83005 ыы — 60. 3 — 80. 1 
La usus --60. 8 — 81. 6 
EA m К НЯ ағаны НУЛИ ыы 
1% ес. ЖИА Жемнен те 
їй, ЖОП. а асры —61.2 — 83. 1 
1 Transition point of ZrO;. 


AND FREE ENERGIES 


REACTIONS 
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TABLE 9.37—HEATS AND FREE ENERGIES OF THE 
REACTIONS 


HfCL (c, g) -2Mg(e, 1, g)—Hf(c) +2MgCl,(c, 1) 
ZrCl,(c, g) +2Mg(e, 1, g)—Zr(c) +2МЕСЬ (с, 1) 





Hf 
тек) 
nae 
(kcal) 
298.15. ------ —51. 4 
400-------... —51.4 
500... LL... — 51. 4 
5901_____.___- —51.3 
590_____-___- —75. 3 
600. ........- -75.3 
ИЕ кипккетен кезеннен 
“У ee ы Бекетке ИИ 
700_.-.------- —74.7 
800_-—------- —74. 1 
900... .....- 2278-6 
9233_________ 734 
928_--------- ТТТ 
9875... ...... —77. 2 
9872-22-22... —56. 6 
1,000---..... —56. 5 
1, 100__--___- —55. 4 
13355. ose ПР ВИ 
ее желек Е 
1,200.------- —54.3 
1,300---..... —53. 3 
1, 375°__.___- —52. 4 
1, 375... —114. 5 
1, 400_______- —114. 1 
1, 500-__-_-_- —112. 5 





1 Normal sublimation point of НЕСІ, (с). 
з Normal sublimation point of ZrC(c). 
3 Melting point of Mg. 

1 Melting point of MgCl. 

5 Transition point of Zr. 

* Normal boiling point of Mg. 


$— 


THERMODYNAMIC PROPERTIES 


TaBLE 9.38—HEATS AND FREE ENERGIES OF THE 


REACTIONS 


НЕСІ, (с, в) + 4N&(c, 1, g) = НЕе(с) --4NaCl(e, 1) 
ZrCL (c, g) + 4Ма(с, 1, g)—Zr(c) +4МаС((с, 1) 


Hf 
T(° K) 
AH? AF? 
(kcal) (kcal) 
298.15-------- — 137. 9 — 133. 6 
diluere — 138. 1 — 132. 6 
5 7 ЕО -- 140. 6 — 132. 6 
400---------- — 140. 8 — 131. 9 
DOO oca — 141. 0 — 129. 7 
58903... ...... — 141. 0 — 127.6 
ее ВЕ — 165. 0 — 127. 6 
600. ........- — 165. 0 --127.0 
оо 
ОА ааа са | мышы ыызы 
200 cee cee — 164. 2 — 120. 7 
800---------- — 163. 3 — 114. 6 
900---------- — 162. 2 — 108. 6 
1, 000-------- — 161.0 — 102. 6 
1,078%.------ — 160. 0 --98.4 
1,078-------- — 132. 6 — 98. 4 
1, 100-------- — 132. 2 — 97. 5 
L130 бон а па 
1:139. osse doo ы E 
1178-2-24 -- 180. 8 --95. 0 
1178-2-22 — 224. 3 — 95. 0 
1 200-------- — 223. 8 —92. 7 
1,900... — 221. 2 — 82. 9 
1, 400-------- — 218. 6 — 71. 2 
1,500-------- —216. 1 — 60. 8 
1 Melting point of Na. 


3 Normal sublimation point of НІСІ,, 
з Normal sublimation point of ZrCk. 


+ Melting point of NaCl. 
$ Transition point of Zr. 
6 Normal boiling point of Na. 





Zr 
AH? AF? 
(kcal) (kcal) 

— 161. 0 — 156. 6 
— 161. 2 — 155.5 
— 168. 7 -- 155. 5 
— 163. 8 — 154. 8 
— 164. 1 — 152. 5 
— 164. 0 — 150. 3 
— 164. 0 — 150. 2 
— 189. 3 — 150. 2 
— 188. 5 — 144.0 
—187.5 — 137. 7 
— 186. 3 — 131.5 
— 185.0 — 125. 5 
— 183. 9 — 121. 2 
— 156. 5 — 121. 2 
— 156. 0 — 120. 3 
— 155. 4 — 119. 2 
— 154.5 — 119. 2 
— 153. 7 --117.7 
— 247. 2 —117.7 
— 246. 7 --115.4 
--244.1 — 104. 6 

‚5 . 9 

‚9 . 5 
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TABLE 9.39--НЕАТ CONTENT AND ENTROPY ОЕ Вг, (р) 








T(° K) Hy—H°s08.15 8т 
(cal/mole) (cal/deg mole) 
298.15---.---- 0 58. 63 
400. ......... 885 61. 19 
500. ......... 1, 770 63. 15 
600. ......... 2, 655 64. 77 
700. enc 3, 550 66. 15 
800. ......... 4, 445 67. 35 
900 2245225522 5, 345 68. 40 
1, 000-------- 6, 245 69. 35 
by ТОО ьа 7, 145 70. 21 
TABLE 9.40—HEAT CONTENT 

тек) Нт—Н° в St 
(cal/mole) (cal/deg mole) 
298.15-------- 0 1. 86 
400---------- 250 2. 08 
500---------- 570 2.79 
600. ......... 950 9. 48 
400... suc 1, 370 4. 13 
800. ......... 1, 830 4. 74 
900. ........- 2, 320 5.31 
1, 000-------- 2, 820 5. 84 
1,100........ 3, 840 6. 34 


T(° K) Hr- H°». ST 

(cal/mole) (cal/deg mole) 
1:200. ue 8, 050 71. 00 
1, 300-------- 8, 955 71. 72 
1, 400. ....... 9, 860 72. 39 
1, 500-------- 10, 770 73. 02 
1, 600-------- 11, 675 73. 61 
1100- ss 12, 585 74. 16 
1, 800........ 13, 495 74. 68 
1, 900__--___- 14, 410 75. 17 
2,000..-..... 15, 325 75. 64 


AND ENTROPY OF С (graphite) 








тек) Нт—Н° ш. Sr 

(cal/mole) (cal/deg mole) 
1200.5. 3, 880 6. 81 
1, 300........ 4, 430 7. 25 
1, 400. ....... 4, 990 7. 66 
1, 500-------- 5, 560 8. 06 
1, 600-.------- 6, 150 8. 44 
1,700-------- 6, 740 8. 80 
1, 800-------- 7, 330 9. 14 
1900... 1, 920 9. 46 
2, 000. ....... 8, 530 9. 77 





ee ee == 


THERMODYNAMIC PROPERTIES 


TaBLE 9.41—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 


OF CO(g) 


T(° K) 


Нт- Нв ль 
(cal/mole) 


о 


ST АН%(0 
(cal/deg mole) | (kcal/mole) 
47. 31 — 26. 42 
49. 35 — 26. 32 
50. 94 — 26. 30 
52. 25 — 26. 33 
53. 38 — 26. 41 
54. 39 — 26. 51 
55. 30 — 26. 64 
56. 13 — 26. 77 
56. 89 — 26. 91 
57. 59 — 27. 06 
58. 25 | —27. 21 
58. 87 — 27. 38 
59. 45 — 27. 55 
59. 99 — 27. 73 
60. 51 — 27. 91 
61. 00 -- 28. 08 
61. 46 — 28. 26 
61. 91 -- 28. 46 


AF*(f) 


(kcal/mole) 


— 32. 
— 35. 
— 87. 
— 89. 
— 41. 
— 43. 
— 45. 
— 4T. 
— 50. 
— 52. 
— 54. 
— 56. 
— 58. 
— 60. 
— 62. 
— 64. 
— 66. 
— 68. 


81 
01 
19 
36 
53 
68 
82 
94 
05 
15 
24 
3l 
37 
42 
46 
48 
50 
92 
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348 THE METALLURGY ОЕ HAFNIUM 
TaBLE 9.42—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 
OF CO,(g) 
ТО к) Нт—Н°ю Sr AH*(f) AF*(f) 
(cal/mole) | (cal/deg mole) | (kcal/mole) (kcal/mole) 
298.15-------- 0 51. 05 — 94. 05 — 94. 26 
400.......... 955 53. 80 | —94. 07 — 94. 32 
500.--....... 1, 985 56.10 | —94. 09 — 94. 38 
600---------- 3, 085 58. 10| —94. 13 — 94. 44 
700---------- 4,255 59.88 | -9417 — 94. 49 
800---------- 5, 450 61.49 | —94. 22 — 94, 53 
900---------- 6, 700 62. 97 —94. 27 — 94. 57 
1, 000------_- 7, 985 64. 32 | —94. 32 —94. 60 
1, 100_------- 9, 295 65. 57 — 94. 36 — 94. 62 
1,200........ 10, 680 66. 73 — 94. 42 — 94. 64 
1.300. -.---- 11, 985 67. 81 — 94, 47 — 94. 64 
1,400-------- 13, 360 68. 83 — 94, 52 — 94. 65 
1,500........ 14, 750 69.79 | —94. 57 —94. 66 
1, 600-------- 16, 150 70. 69 — 04. 64 — 94. 67 
1, 700------_- 17, 560 71.55 | —94. 70 —94. 67 
1,800........ 18, 985 72. 36 | —94. 75 — 94. 66 
1, 900-------- 20, 415 78. 14 — 94.81 — 94. 66 
2, 000. ....... 22, 855 73. 87 — 94. 88 — 94. 64 
TABLE 9.483—HEAT CONTENT AND ENTROPY OF Cl,(g) 
тек) Нт—Н° в ST T(* K) Hr- H?st.15 ST 
(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
298.15........ 0 58. 31 1:200... 7,915 65. 40 
400---------- 845 55.74 || 1,300-------- 8, 815 66. 12 
500. 22222222 1, 700 57. 65 || 1, 400-------- 9, 720 66. 79 
600-2225. 2, 565 59. 23 || 1, 500-------- 10, 630 67. 42 
TOU еы 3, 445 60. 59 || 1,600........ 11, 535 68. 00 
800-—-------- 4, 830 61. 77 |11,700........ 12, 445 68. 55 
90022 eius 5, 220 62. 82 || 1,800_______- 13, 360 69. 08 
1, 000-------- 6, 115 63. 76 || 1,900______-_- 14, 270 69. 57 
1,100_....... 7,015 64. 61 || 2,000........ 15, 185 70. 04 


ameter aii, „ылы | дылы ë Ř o ooh eS oe Oe. алыл». oie 
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TABLE 9.44—HEAT CONTENT AND ENTROPY OF Е, (р) 








тек) Нт—Н°з St те К) Нт—Н°з Sr 
(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
Ке eh 2 ИБИ клы, келен жайып кашыр сөзі 

298.15 ....... 0 48. 56 || 1, 200. ....... 7, 680 60. 18 
400. ......... 785 50. 82 || 1, 300. ....... 8, 580 60. 91 
900 ent ce Bia 1, 590 52. 62 || 1, 400. ....... 9, 485 61. 58 
600. ......... 2, 420 54. 13 || 1, 500. ........ 10, 395 62. 20 
700. ......... 3, 270 55. 44 || 1, 600. ....... 11, 310 62. 80 
800. ......... 4, 135 56. 59 || 1,700. ....... 12, 225 . 63.35 
900. ......... 5, 010 57. 63 || 1,800_------- 13, 145 63. 88 
1, 000. ....... 5, 890 58. 56 || 1, 900_______. 14, 065 64. 37 
1, 100-------- 6, 785 59. 41 || 2, 000. ....... 14, 990 64. 85 





TABLE 9.45—HEAT CONTENT AND ENTROPY OF I,(g) 





тек) Нү—Н лг St тек) Нт—Н°в 8т 
(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
298.15-------- 0 62. 25 | 1, 200-------- 8, 115 74. 74 
400. ........- 905 64. 85 || 1, 300. ....... 9, 025 75. 47 
500---------- 1, 795 66. 85 | 1, 400-------- 9, 935 76. 15. 
600. ........- 2, 690 68. 48 || 1,500-------- 10, 850 76. 77 
TOO 522 3, 590 69. 87 || 1, 600. ....... 11, 765 77. 87 
800. ......... 4, 495 71.07 || 1, 700-------- 12, 680 77. 92 
900---------- 5, 395 72.18 || 1, 800-------- 13, 595 78. 44 
1, 000. ....... 6, 300 73. 09 || 1, 900-------- 14, 515 48. 94 
1, 100. ....... 7, 205 73. 95 | 2, 000-------- 15, 435 79. 41 


TaBLE 9.46—H EAT CONTENT AND ENTROPY ОЕ Mg(c, 1, g) 








тек) Hr—H°ne.1s Sr тек) Hr—H°s0.15 ST 

(cal/mole) (cal/deg mole) (cal/mole) | (cal/deg mole) 
298.15... ..... 0 7.78 || 1, 200-------- 8, 440 19. 54 
400---------- 615 9. 55 | 1, 300. :...... 9, 180 20. 13 
000 - ean 1, 255 10. 98 || 1,3752______- 9, 740 20. 55 
600. emn 1, 920 12. 19 || 1,375-------- 40, 760 43. 11 
100. = 2, 615 13. 26 || 1,400_____-_- 40, 880 43. 20 
800---------- 2, 330 14.22 || 1,500___-___- 41, 380 48. 54 
900. sz 4, 060 15. 07 || 1, 600-------- 41, 880 43. 86 
023 T. tuens 4, 230 15. 26 || 1, 700. ....... 42, 380 44. 17 
O28 UT 6, 390 17. 60 || 1, 800________ 42, 880 44. 45 
1,000—------- 6, 960 18. 19 | 1, 900. ........ 43, 380 44. 72 
1, 100-------- 7,700 18. 90 || 2, 000. ....... 43, 880 44. 98 


1 Melting point. 
3 Normal boiling point. 
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TaBLE 9.47—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 
MgCl,(c, 1) 


тек) Нт—-Н° ш 
(cal/mole) 

298.15-------- 0 
400---------- 1, 800 
500---------- 3, 650 
600--.-------- 5, 555 
ТОО-2 222,2 7, 480 
800---------- 9, 420 
900---------- 11, 380 
9231.-------- 11, 850 
090 АР 11, 850 
9872--------- 13, 160 
987---------- 28, 460 
1, 000........ 23, 750 
1; |] 0 22 25, 960 
1, 200-------- 28, 170 
1, 300-------- 30, 380 
1, 8753______. 32, 040 
ТӘ 0 эд дағы 32, 040 
1. 400-------- 32, 590 
1, 500........ 34, 800 
1, 600-------- 37, 010 
1, 700-------- 39, 220 
1, 800-------- 41, 430 
1, 900-------- 43, 640 
2, 000-------- 45, 850 

1 Melting point of Mg. 
з Melting point of МЕСІ. 


$ Normal boiling point of Mg. 


АН%(0 AF*(f) 
(cal/deg mole) | (kcal/mole) (kcal/mole) 
21. 40 | —153.2 — 141. 4 
26. 59 | —152.9 — 137. 4 
30. 71 | —152. 5 — 133. 55 
34.19 | --152. 15 -- 129. 8 
37. 15 | —151. 8 — 126. 1 
89.74 | —151.45 — 122. 45 
42. 05 | —151.1 — 118. 85 
42. 55 | —151. 05 — 118. 05 
42. 55 | —153.2 — 118. 05 
43. 94 | —152. 95 — 115. 65 
54. 38 | —142. 6 — 115. 65 
54. 67 | — 142. 55 — 115. 25 
56. 78 | — 141. 95 — 112. 55 
58. 70 | —141.4 — 109. 9 
60. 47 | —140. 85 — 107. 35 
61. 69 | — 140. 4 — 105. 4 
61. 69 | —171. 45 — 105. 4 
62. 10 | —171. 25 — 104. 2 
63. 68 | —170. 45 --99. 45 
65. 06 | —169. 65 — 94. 75 
66. 40 | —168. 8 --90. 1 
67. 66 | —168. 05 --85. 45 
68.85 | --167. 25 --80.9 
69. 99 | --166. 45 -- 76. 4 


TABLE 9.48—HEAT CONTENT AND ENTROPY OF N;(g) 


тек) Hp—H?m.i ST 

«cal/mole) (cal/deg mole) 
208.15........ 0 45. 77 
400---------- 710 47. 82 
ЗОО 1, 415 49. 39 
600. ......... 2, 125 50. 69 
200. o. 2, 855 51. 81 
800. ......... 3, 595 52. 80 
900---------- 4, 355 53. 69 
1, 000. ....... 5, 130 54. 51 
1, 100........ 5, 920 55. 26 


T(° K) 


Нт—Н° в 
(cal/mole) 


13, 425 


8т 


(cai/deg mole) 


55. 96 
56. 61 
57.92 
57.79 
58. 33 
58. 84 
59. 33 
59. 79 
60. 23 


THERMODYNAMIC PROPERTIES 351 


TABLE 9.49—HEAT CONTENT AND ENTROPY OF О;(@) 








тек) Hy—H° 20.15 Sr тек) Нт—Н° Вт 

(cal/mole) vcal/deg mole) (cal/mole) (cal/deg mole) 
298.15-------- 0 49. 01 || 1,200.------- 7,115 59. 74 
400. ......... 725 51. 10 || 1,300-------- 7,970 60. 43 
500--------_- 1, 455 52. 73 || 1, 400-------- 8, 835 61. 07 
600. ......... 2, 210 54.11 || 1, 500. ....... 9, 705 61. 67 
100. Баа 2, 980 55. 30 || 1, 600-------- 10, 585 62. 23 
800---------- 3, 785 56. 37 || 1, 700-------- 11, 465 62. 77 
900---------- 4, 600 57. 33 || 1, 800-------- 12, 355 63. 27 
1, 000-------- 6, 425 58. 20 || 1, 900-------- 13, 250 63. 76 
ТОО: s 6, 265 59. 00 || 2, 000-------- 14, 150 64. 22 





TABLE 9.50—HEAT CONTENT AND ENTROPY ОЕ Na(e, 1, g) 





T(°K) Нт—Н°ж 1з 8T тек) Нт—Н°ю Br 
(cal/mole) (cal/deg mole) (cal/mole) (cal/deg mole) 
298.15-------- 0 12. 23 || 1, 178 3------- 6, 840 23. 70 
350---------- 360 13. 34 || 1, 178. ....... 30, 220 48. 55 
Stace dosed 514 13. 77 || 1,200........ 30, 330 43. 64 
Lyn ыы ы ш2 1, 186 15. 44 | 1,800........ 30, 825 44. 08 
400. ......... 1, 355 16. 01 || 1, 400. ....... 31, 325 44. 41 
ЗОО ua oak te 2, 095 17. 67 || 1, 500-------- 31, 820 44. 75 
600-_—.------ 2, 820 18. 99 || 1, 600-------- 32, 315 45. 07 
ТИ): rtt 3, 520 20. 07 || 1, 700-------- 32, 815 45. 37 
800---------- 4, 220 21. 00 || 1, 800-------- 33, 310 45. 65 
900. 222222222 4, 910 21. 81 || 1, 900-------- 33, 805 45. 92 
1, 000-------- 5, 595 22. 54 | 2, 000-------- 34, 305 46. 17 
1,100.------- 6, 295 28. 21 
1 Melting point. 


3 Normal boiling point. 
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TaBLE 9.51—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 


OF NaCl (с, 1) 


T(° K) H3— H?s.15 
(cal/mole) 

298.15-------- 0 
2900522 630 
OF) E ee 885 
ӘЛІ ЕЕ 885 
400---------- 1, 240 
500---------- 2, 510 
600---------- 3, 830 
200.2: 25e 5, 190 
800---------- 6, 590 
900- 222222 8, 020 
1, 000-------- 9, 480 
1,073*....... 10, 580 
1:074:222222. 17, 430 
1, 100-------- 17, 860 
188. 19, 110 
1, 1/8... 19, 110 
1 200----.--- 19, 460 
1,800........ 21, 060 
1400-2-22... 22, 660 
1, 500........ 24, 260 
1, 600-------- 25, 860 
1, 700-------- 27, 460 
1, 800-------- 29, 060 
1, 900-------- 30, 660 
2, 000-------- 32, 260 

1 Melting point of Na. 
3 Melting point of NaCl. 


3 Normal boiling point of Na. 


\cal/deg mole) 


AH*(f) 
(kcal/mole) 


AF*(f) 
(kcal/mole) 


| 
со 
Ф лососсо» 
оо > Ф 00 О to Qr to to Ф 00 
сл Өл 
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TaBLE 9.52—HEAT CONTENT AND ENTROPY OF Zr (a, В) 


T(° K) Hy—H°nes.1s 81 T(° K) HT—H?s.15 8T 








(cal/mole) (саде mole) (cal/mole) | (cal/deg mole) 
298.15-------- 0 9. 29 | 1, 135-------- 7, 090 19. 71 
100 ВИ 665 11. 20 || 1, 200-------- 7, 560 20. 11 
500-—-------- 1, 850 12.73 | 1, 300_------- 8, 290 20. 69 
600---------- 2, 065 14. 08 | 1, 400. ....... 9, 015 21. 28 
Е 2, 800 15. 17 || 1, 500-------- 9, 740 21. 73 
800.....____- 3, 550 16. 17 || 1, 600______-- 10, 470 22. 20 
900..________ 4, 315 17. 07 || 1,700........ 11, 200 22. 65 
1,000______-_- 5, 095 17. 89 || 1, 800-------- 11, 920 23. 06 
1,100-------- 5, 890 18. 65 | 1, 900-------- 12, 650 23. 45 
1,1851... 6, 170 18. 90 || 2, 000-------- 18, 380 28. 88 

! Transition point. 


TABLE 9.53—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 
OF ZrO; (a, В) 


T(° K) Нт-Н%ми Sr AH*(f) AF*(f) 
(cal/mole) | (cal/deg mole) | (kcal/mole) (kcal/mole) 


SS Án 


298.15-------- 0 12. 12 — 261. 5 — 247. 7 
400---------- 1, 475 16. 36 — 261. 4 — 243. 0 
БОО ЕКЕНИН 3, 050 19. 87 — 261. 3 — 238. 5 
600... Ses 4, 690 22. 86 --261.1 — 233. 9 
1002525252542 6, 380 25. 46 — 260. 9 -- 229. 4 
800---------- 8, 120 27. 80 — 260. 7 — 224. 9 
900---------- 9, 910 29. 91 — 260. 5 — 220. 5 
1, 000. _____-- 11, 730 31. 82 | —260. 3 —216. 0 
1, 100-------- 18, 570 33. 58 -- 260. 1 --211.6 
1196 1.22. 14, 220 34. 14 -- 260. 0 --260. 1 
1,135-------- 14, 220 34. 14 — 260. 9 — 210. 1 
1, 200-------- 15, 420 35. 19 — 260. 7 — 207. 2 
1, 300-------- 17, 280 36. 67 — 260. 5 — 202. 7 
1, 400-------- 19, 150 38. 06 — 260. 2 — 198. 3 
М 20, 620 39. 08 --260. 0 — 194.8 
1, 478-------- 22, 040 40. 04 — 258. 6 — 194. 8 
1, 500-------- 22, 430 40. 30 — 258. 5 — 193. 9 
1, 600-------- 24, 210 41. 45 — 258. 3 — 189. 6 
1, 700-------- 25, 990 42. 53 — 258. 2 — 185. 3 
1, 800-------- 27, 770 43. 55 — 258. 0 — 181.0 
1, 900. 2.2222. 29, 550 44. 51 — 257. 8 — 176. 7 
2,000........ 31, 330 45. 42 — 257. 7 — 172.4 
1 Transition point of Zr. 


з Transition point of ZrO». 
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TABLE 9.54--НЕАТ CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 


ОҒ 2гСІ, (с) 
тсе к) Нт-Ненц St AH*(f) AF*(f) 
(cal/mole) (cal/deg mole) | (kcal/mole) (kcal/mole) 
298.15-------- 0 44. 50 — 231.9 — 210. 6 
400---------- 3, 005 53. 15 — 231.2 — 203. 4 
500---------- 6, 050 59. 94 — 230. 6 — 196. 6 
600---------- 9, 120 65. 54 — 230. 0 — 189. 8 
604!________- 9, 240 65. 75 — 230. 0 — 189. 6 
700---------- 12, 220 70. 31 — 229. 4 — 183. 1 


1 Normal sublimation point. 


TaBLE 9.55—HEAT CONTENT, ENTROPY, HEAT OF 
FORMATION, AND FREE ENERGY OF FORMATION 


ОЕ ZrCl,(c) 
тек) Нт—Н° вл Sr AH? (f) AF*(f 
(cal/mole) | (cal/deg mole) | (kcal/mole) (kcal/mole) 
298.15-------- 0 90. 48 — 204. 9 — 197. 3 
400_--------- 2, 440 97. 51 — 204. 8 — 194. 7 
500 22.24 4, 900 103. 00 — 204. 7 — 192. 1 
600---------- 7, 400 107. 56 — 204. 7 — 189. 6 
6041--------- 7, 500 107. 72 — 204. 7 — 189. 6 
ОО 9, 920 111. 44 -- 204. 6 — 187.1 
800---------- 12, 460 114. 88 — 204. 6 — 184. 6 
900---------- 15, 010 117. 84 — 204. 6 — 182: 1 
1, 000-------- 17, 560 120. 52 — 204. 6 — 179. 6 
1, 100... 20, 120 122. 96 — 204. 7 --177.1 
118820. 21, 020 123. 77 — 204. 7 -- 176. 2 
1, 185-------- 21, 020 123. 77 — 205. 6 — 176. 2 
1200-22-20 22, 680 125. 19 -- 205. 6 — 174. 6 
1, 30022 eee 25, 250 127. 25 — 205. 5 — 172.0 
1,400_______- 27, 820 129. 15 — 205. 5 — 169. 4 
1, 500.2... 30, 390 130. 92 — 205. 5 — 166. 9 


1 Normal sublimation point of ZrCla(c). 
3 Transition point of Zr. 
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Appendix А 


ENGINEERING DATA SHEETS—ARC-MELTED 


W М 


IODIDE HAFNIUM 


Typical Analysis (ppm) 


Al 50 H <30 N 20 

B <5 Fe 100 O 500 

Са <1 Pb <10 Si <10 

C 50 Mg <10 Sn <10 

Cr <10 Mn <10 Ti <10 - 

Co <10 Mo <10 W «50 

Cu 50 № <10 Zr 2.25% 

Processing 


. Fabricating Conditions: 


Forging Temperature 2,000° Е (1,095? C) 
Rolling Temperature 1,700° F (930° C) 
Extrusion Temperature 2,000° Е (1,0959 C) 


. Annealing: Recrystallization occurs in the range 1,475-1,650? Е 


(800—900? C), 1 hour 


. Fusion Welding With Tungsten Electrode for 4-Inch Thick Plate, 


Butt Welds: 
220 amps 
16 volts 
6*4 in./min 


Physical Properties 


. Transformation Temperature: 3,2009 Е (1,7609 C) 


Melting Point: 4,032? Е (2,222? C) 


. Thermal Expansivity-Alpha-Phase: 5.9Ж 10-в/° С (20-200? C) 
. Lattice Parameters: 


ay 3.1883 A 
со 5.0422 A 
а 3.50 А body-centered cubic 


| close-packed hexagonal 
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4. Vapor Pressure: . 
107? atm at 1,867? С (3,032? Е) 
107? atm at 2,0072? C (3,645? Е) 
5. Electrical Properties: 
Resistivity (25? C) 35.1 uohm-cm 
Temperature coefficient 38 X<107*/C° 
6. Elastic Properties: 
Young's Modulus 19.8X10° psi (70? Е) 
7. Thermal Conductivity (at 50° C): 
0.223 watts/cm-C? 
8. Magnetic Properties: 
Paramagnetic susceptibility 0.42Х 10-6 emu/g (20? С) 
Hall Coefficient 0.162 х 107? volt cm/amp gauss 
9. Density: 13.09 g/cc 
10. Thermal neutron absorption cross section: 105 barns 


Mechanical Properties 


1. Tensile Properties (Longitudinal Direction): 


Strength (psi) 


Temperature (° F) Elongation; R.A. (%) 
in 2in. (%) 
Yield (0.2%) Tensile 
ROOM озь сызады ала 33, 600 64, 800 23 37 
(фе. 22 тана сан etn 28, 700 53, 200 29 44 
DOO Ma) ec eee iC eter 22, 300 42, 000 36 46 
(LU ЕКИ eC РНЕ 15, 700 33, 700 43 57 


Material annealed 15 minutes at 1,700° F (926° C) 


2. Impact Properties (Subsize Izod—V-Notch): 
2.7 ft-lb at room temperature 
3. Creep Properties (Longitudinal): 
Stress for minimum creep rate of 1079/hr at 500-7009 Е (260- 
370° C) in approximately 23,000 psi. 
4. Fatigue Properties (Longitudinal): 


Fatigue strength at 2 X 107 


cycles (psi) Endurance 
Temperature (? F) ratio 


Notched Unnotched 


И КТК ЕК an ieee 19,500 | 27,500 0. 50 
(ТЕККЕ ЕЕЕ we Е 12, 500 | 17, 500 0. 65 
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High temperature water corrosion resistance 


Water temperature (° F) Weight gain after 

195 days (mg/dm?) 

ТЕККЕ ТЕРЕ ЕЕ ee ИР ah НИИ 6 
O80 КТК ЕНЕ ИРЕ ee eee ie Bes ex et 7-9 
790 (ева 7 


Appendix В 


INDUSTRIAL HYGIENE AND SAFETY 
By E. C. Barnes? 


Introduction 


The major factor to be considered in the safe use of hafnium is its 
exothermic reaction with a number of other elements and compounds. 
Bars, ingots, and other substantial pieces of the metal can be heated 
to high temperatures without burning. Fine dusts, however, will 
explode when dispersed in air. Thin turnings or chips are easily 
ignited and burn with extremely high temperatures. The physical 
state of the metal is, therefore, extremely important in evaluating 
possible hazards. The greater the ratio of surface to mass, the 
greater the fire or explosion hazard. А possible indirect hazard рго- 
duced by reactions of hafnium with other elements must be also 
considered, such as an explosion hazard due to release and combus- 
tion of hydrogen when hafnium reacts with water. The metal itself 
has a low order of toxicity, and no serious limitations are necessary 
for control of health hazards, unless the metal is either chemically 
combined or alloyed with other materials having higher degrees of 
toxicity. 

The availability of data needed to evaluate accurately those prop- 
erties and reactions of hafnium which are possible hazards in its use 
is extremely limited. In general, it appears that hafnium sponge 
may be more sensitive to ignition in air than zirconium sponge. The 
amount of impurities, particularly iron, has a marked influence on 
this characteristic. As the amount of impurities increases, the sen- 
sitivity goes up. Hafnium turnings or chips appear to have char- 
acteristics similar to zirconium. The data on zirconium [1] can be 
used as a guide until adequate data are available on hafnium. 


Explosion and Fire Hazard 


Dust clouds of hafnium powder will explode if there is a source 
of ignition and if the concentration exceeds the lower explosive limit. 
If the particle size in an air-dust cloud is small enough, the dust will 


1 Westinghouse Atomic Power Division. 
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frequently ignite and explode. There аге по data to indicate the 
exact limits of the conditions necessary for self-ignition. This would 
vary with mean particle size, size distribution, temperature, humid- 
ity, and surface characteristics of the particles. Dust with a mean 
particle size below 15 to 20 microns should be considered as being 
in the size range which will exhibit this self-ignition characteristic. 

Inert gases such as helium or argon are used to prevent ignition 
of powders or sponge. Carbon dioxide and nitrogen should not be 
used for this purpose, since they have been shown to be ineffective 
in preventing the explosion of dust clouds of metals such as zir- 
conium. | 

From these considerations it becomes apparent that extreme care 
must be taken in any situation involving the use of fine hafnium 
powder. Dust clouds are very easily ignited and produce relatively 
high explosion pressures. Layers of such dust will also easily ignite 
and burn with a high temperature even though they are not dispersed 
as a cloud in the air. The burning of such dust in a closed vessel 
will result in a rapid pressure rise because of the expansion of air 
or other gas in the vessel. 

Hafnium powder wet with water is much safer to handle than the 
dry powder because it is more difficult to ignite. Once ignited, how- 
ever, the wet powder will burn even more violently than dry powder, 
partly because the metal will decompose the water and use the oxy- 
gen for its own combustion and partly because the steam formed 
within the burning mass will scatter the metal. Small percentages 
of water in the powder would be the most dangerous. 

In general, it is good practice to handle the hafnium powder in 
very small batches (a few ounces) if the material is dry. Otherwise, 
good control of the explosion risk must be expertly maintained. 
Sources of ignition such as heat, flame, friction, and sparks should 
be avoided. Situations which might result in the dispersion of a 
cloud of dust in air or other gases, such as nitrogen and carbon 
dioxide, which may react with the hafnium should be avoided. Since 
helium and argon will not react with hafnium dust, they can be 
used to provide an inert atmosphere. 

Definite procedures for disposal of fine powders must be estab- 
lished and rigidly followed. Although it is not practical to specify 
all details of disposal because of the many different factors which 
might be involved, controlled burning of such powders is the dis- 
posal method generally preferred. Considerable care must be taken 
that all the hafnium powder is completely burned to avoid the pos- 
sibility of subsequent fires or explosions. Тһе resulting oxide is 
inert and can be handled without special precaution. 

All waste, rags, containers, etc., which have been in contact with 
hafnium powder should be put into separate waste cans filled with 
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water containing a good wetting agent, and the cans should be deliv- 
ered at scheduled intervals to the incinerator. The fireman should 
be instructed to burn these hafnium wastes in a hot fire immediately 
after they are received. They should be fired in small quantities to 
avoid the possibility of a large flareback. The risk can be reduced by 
processing, handling, or storing such materials in small quantities. 
Any storage of waste should be in a fireproof enclosure constructed 
in such a manner that a fire would not involve surrounding areas or 
buildings. Outdoor storage may be satisfactory if containers are 
used which prevent entrance of ignition sources, such as sparks. 

Hafnium sponge and turnings, chips, or dust from the metal can 
be rather easily ignited and will burn with an extremely high tem- 
perature. Very little flame results, but the metal gives an incandes- 
cent glow while it is burning. Turnings or chips from machine 
operations may start to burn if the machining operation produces 
sufficiently high temperature in the turnings or chips. They will also 
ignite easily from sparks or small flames. Once the burning has 
started, it is very difficult to stop. The heat from a hafnium waste 
fire of sufficient size can distort a machine-tool bed and burn holes 
through sheet metal. If the sponge has been treated so that all oxide 
film is removed, such as in the iodide process of producing crystal 
bar, contact with air will initiate burning. 

From these properties of turnings, chips, and sponge it becomes 
apparent that certain precautions must be taken to minimize the fire 
hazard. Where processes produce an “activated” surface, steps must 
be taken which will inactivate the surface before it comes in contact 
with air. Flooding masses of activated sponge with a large volume 
of water prior to any contact with air will result in a de-activation 
of the surface that permits handling with decreased risk. In one 
instance, water dumped within a few seconds into a container holding 
several hundred pounds of “activated” sponge sufficiently de-acti- 
vated the surface so that the sponge could be exposed to air without 
self-igniting. Speed in adding the water is very important. If the 
sponge is kept wet, it will not self-ignite. If the sponge is stored 
in water for a considerable length of time, there may be a small evo- 
lution of hydrogen, and protection must be provided against the 
ignition of the hydrogen. | 

Тһе coolant used during machining operations is usually a cutting 
oil or a water-oil emulsion, although an air jet has been used suc- 
cessfully. These coolants conduct the heat away from the turnings 
and chips with sufficient rapidity to prevent ignition. The rate of 
flow of the coolant must be kept high, and there must be continual 
observation to prevent any stoppage of the flow. Complete immer- 
sion of the surface being machined has been practical in some cases. 
Only small amounts of turnings or chips should be allowed to collect 
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on a machine before removal. If these are removed in small batches 
and placed in covered metal cans, the risk of a damaging fire is 
reduced. If small amounts start to burn, they can be allowed to 
burn out without damage to the machines. If, for any reason, it is 
not possible to use coolants on machines cutting hafnium, sharp 
tools and extremely slow feeds and cutting speeds must be used to 
prevent the generation of enough heat to ignite the turnings or 
chips. (Small chips or turnings are more easily ignited.) 

A variance in ignition characteristics of hafnium sponge has been 
noted. Some batches or grades of material seem to ignite more 
easily than others. This characteristic is not fully understood but 
must be taken into account when planning for proper protection. 
Contamination by iron tends to increase the metals pyrophoric 
tendency. 

If turnings or chips have no salvage value, they can be burned 
in small quantities at a safe location merely by lighting with a small 
flame. Such burning should be done outside of buildings and at a 
location where there are no other flammable materials. 

If hafnium wastes are stored under water for long periods precau- 
tions must be taken to prevent the loss of water from the storage 
containers by leakage, evaporation, etc. 

Wet-collection methods should be used for hafnium dust. The 
system should be carefully designed with short ducts between hood 
and dust collector so that there will be no accumulation of materials 
that might ignite and burn. 

The National Fire Code [2] does not cover hafnium powder or 
dust. However, many suggestions which can be applied to hafnium 
are included in the section on magnesium powder or dust. 


Fire Control 


When quantities of turnings are kept to a minimum, a small fire 
can be put out with a bucket of water or it can be smothered with 
several scoops of graphite powder or the commercially available 
G-1 or Metal-X powders. Small quantities of water should never 
be applied to burning hafnium, but large volumes of water сап be 
applied successfully when conditions are such that the water can 
quickly cover the heated hafnium. 

Fire extinguishers equipped with G-1 or Metal-X powders only 
should be used on hafnium fires. Since the powders are intended to 
smother the fire, they must be applied. carefully in order to avoid 
dispersing the burning material over a larger area. Common fire- 
extinguishing agents, such as carbon dioxide, foam, and carbon 
tetrachloride, should never be used on a hafnium fire. They will 
merely increase the rate of burning. Water, or other fire-extinguish- 
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ing agents, can be used to control fires of wood or other flammables 
which may become ignited in the vicinity of the hafnium fire. 
Within а closed container, fires can also be extinguished with helium 
or argon in sufficient quantity. The conditions must be such that 
air is completely excluded, and the mass must be allowed to cool 
to room temperature before air is admitted. 


Shipment 


The Interstate Commerce Commission Regulations [3] must be fol- 
lowed when shipping hafnium. The Regulations in effect March 19, 
1958, do not require any special packaging or handling for bars, 
ingots, sheets, or any other form larger than 20 mesh. There are 
no special requirements for wet sponge. The containers for wet 
sponge must, of course, retain the water to prevent any drying out 
of the sponge since shipping dry sponge involves special require- 
ments. 

The ICC Regulations for hafnium metal powder, wet or sludge, 
permit shipments of 10 lbs or less by metal can and 50 lbs or less by 
drums. Both must be enclosed in wooden boxes. Wooden kegs, not 
to exceed 75 lbs net, are permitted. Shipment of dry hafnium metal 
powder is limited to 10 lbs in a metal container inside a wooden box 
or 1 lb in a glass or metal container inside a fiber box. Hafnium 
sponge may be shipped in 30-gallon drums. 

The above statements are not intended to cover all the require- 
ments of the ICC, but rather to give an indication of the type of 
materials and the general nature of restrictions imposed. Тһе 
Regulations should be consulted for complete requirements. Yellow 
labels of a design specified in the Regulations are required on pack- 
nges containing flammable solids such as hafnium. 


Toxicity 


According to the best information available at the time of writing, 
it appears that hafnium has a low order of toxicity ; no occupational 
case of systemic poisoning Ш man has so far been reported. Com- 
pounds of hafnium and of zireonium have similar characteristics. 
They are alike not only in physical and chemical properties, but 
also in LD;, values and in effects on isolated tissues-[4]. Observa- 
tions of Kittle, ef al. [5], indicate that the ТО for hafnium sodium 
mandelate for a 10-day observation period is approximately 75 to 
100 mg hafnium metal per kg, intravenously in rats. А study of 
the distribution and excretion of hafnium in the rat was reported 
by MacDonald and Bahner [6]. Because hafnium is normally 
present. with zirconium and because it is difficult to separate them 
completely, indirect. evidence that the toxicity of hafnium is similar 
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to that of zirconium has probably been developed in studies on the 
toxicity of zirconium. 

Although there is no evidence to suggest any health hazard from 
the industrial use of hafnium, it is recommended that any case of 
significant. or high exposure to dust or fumes be investigated for 
possible reaction by appropriate physical examination and the data 
be reported in the literature. 


Miscellaneous 


There is а possibility of an explosion hazard from hydrogen that 
is released when hafnium is in contact with water. At room tem- 
perature it is doubtful that there would be any reaction. "The 
reaction, if any, would be very slight and of no concern, unless 
the materials were so enclosed as to prevent diffusion and make 
possible the effective retention of hydrogen over a long period of 
time. At elevated temperatures, or when hafnium is burning, the 
reaction between water and the metal would be rapid with con- 
siderable release of hydrogen. 

This generation of hydrogen, which can be released into surround- 
ing spaces, and the attendant explosion hazard, should be given full 
consideration in water-cooled furnaces or other equipment where 
considerable quantities of water might come in contact with fairly 
large masses of hot metal. The amount of hydrogen which could 
be generated under these conditions might be large, and if it were 
released into a building or enclosure, a destructive explosion could 
occur. Such equipment should be designed to conduct any hydrogen 
which might be generated to a safe location for release. 

Experience with zirconium-uranium alloys [7] indicates that 
goggles, face shields, and protective clothing are essential during 
pickling or etching of hafnium alloys. Any new process involving 
new alloys or methods of pickling should first be tested on a small 
scale to determine whether an explosive coating might form on the 
surface of the metal. А careful visual inspection should be made, 
and the specimen should be tested by rubbing or striking it after 
careful drying. Such a rubbing or striking test should not be con- 
sidered as conclusive proof that the surface is free of explosive 
material, since there have been instances in which samples of zir- 
conium-uranium alloy failed to burn when tested, but exploded 
violently when placed in a nitric acid bath. Such samples should 
be handled carefully. If any coating is present, it should be removed 
by immersing the sample in water to which a small amount of hydro- 
fluoric acid has been added. 

There have been many instances of explosions from residues, coat- 
ings, or activated surfaces on a variety of metals such as Zircaloy-2; 
uranium [8]; uranium alloyed with niobium, tin, lead, bismuth, 
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copper, antimony, gold, or zirconium [9]; titanium [10]; titanium- 
manganese alloy [11]; and thorium [12]. These explosions emphasize 
the need for careful preliminary testing and for the use of adequate 
personal protective equipment whenever new processes involving the 
more pyrophoric metals such as hafnium are being developed. The 
treatment of these metals in nitric acid or fuming nitric acid should 
be done with particular caution. 
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Appendix D 


GLOSSARY 


The process developed by yan Arkel and 
de Boer and used for refining zirco- 
nium and hafniym by the decomposi- 
tion af the iodide on a hot wire. 


nein eae Hafnium praduced by the van Arkel-de 
ESTEE Boer process, 

— S Hafnium produced by the Kroll process. 
NT Are melting in a water-cooled crucible 


using a tungsten electrode. 


ence Arc melting in a water-cooled crucible 


using an electrode made of the ma- 
terial to be melted. 


— eee An alloy of sponge zirconium with 


1.2-1.7 w/o Sn, 0.07 ta 0.20% Fe, 
0.05 to 0.15 w/o Cr, and 0.08 to 
0.08% Ni. 


be haat aren Melting process in which heat is supplied 


by a beam of electrons directed at the 
metal in high vacuum. 


базасын дыз A rod, usually cruciform or “Ү” shaped, 


which is inserted or withdrawn from 
the core of a nuclear reactor for the 
purpose of controlling power level. 
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322 
Anodizing, 283 
Anion exchange processes, separation, 
61-62 
Application of hafnium, 1-34 
nonnuclear, 29 
Are-melted iodide crystal bar, tensile 
properties, 226-227 
Are melting, 189-152 
‘consumable, 147-148 
electrodes, 147 
contamination, 152 
double, 144—147 
conditions, 145, 147 
furnace, 141 
ingot conditioning, 150—151 
ingot quality, 151 
nonconsumable, 140-144 
conditions for, 141-142 
electrodes, 144 
yields, 144 
pudding, 141 
scrap additions, 149—150 
Astrophyllite, 40 
Atomie properties, 225 
Atomie radius, 226 
Atomic structure, 225 


B 


Baddeleyite, 86-40 

Baddeleyite, favas, 36 

Beckelite, 40 

Befanamite, 40 

Befanamite, Var., 37 

Binary systems, 191-210 

Boiling point, 213, 324 

Boride, hafnium, 33, 192 

Boron, hafnium binary system, 192 
Boron-containing control materials, 21 


Bromide, thermodynamic properties, 
346 
Burnable poison, 28 
С 


Calcium hafnate, 32 
Carbide, chlorination, 48 
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Carbide, hafnium, 32 
thermodynamic properties of, 325 
Carbon, hafnium binary system, 193 
Carbon dioxide, thermodynamic prop- 
erties, 348 
Carbon monoxide, thermodynamic prop- 
erties, 347 
Carbonitride, 46 
Carbothermic reaction, zircon, 44 
Cation exchange processes, separation, 
60-61 
Catapleite, 86-37, 40 
Caustic leaching, separation, 73-74 
Chalcolamprite, 40 
Chemical polishing, 260-261 (see also 
Pickling) 
Chlorination, of carbide, 48 
of hafnium dioxide, 329 
of ore, 47—48 
Chlorine, thermodynamic properties, 
348 
Chromium, hafnium binary system, 193 
Cobalt, hafnium binary system, 193 
Cogging, 154 
Cold Rolling, 158-160 
edge cracking, 158 
effect of zirconium content, 150 
foil, 159 
hafnium, corrosion resistance, 160 
hardness, 158, 235 
pack rolling, 159-160 
quality of product, 160 
reductions, 158-160 . 
relief of stresses, 159 
starting stock, 158 
surface finish, 160 
yields, 160 
Cold work, effect on corrosion resist- 
ance, 268 
Composition, reactor grade hafnium, 
139 
Compounds, hafnium, CaHfOs, proper- 
ties of, 20 
HfC, properties of, 30 
HfO;, properties of, 30 
HfSiO,, properties of, 30 
Compressibility, 223 
Consumable arc melting, 147-148 
electrodes, 147 
Contamination, in arc melting, 152 
Control material, effectiveness of haf- 
nium as, 13 
Control materials, rare earth, 24 
silver alloy, 24 
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Control rod, nonnuclear properties, 10 
Control rod extension, 167 
Control rod materials, boron-contain- 
ing, 21 
comparison, 21 
effectiveness of, 18 
Control rods, 16 
Control rods, for PWR, 25 
hafnium, 24 
Control worth, tabulation for various 
materials, 19 
Copper, hafnium binary system, 193 
Copper in hafnium, analysis for, 309 
Corrosion, 262-286 
hydrogen pickup, 264 
in hot water, 202 
preparation of samples, 262-268 
product, 264 
Corrosion resistance, 262 
control rod, 19 
effect of alloying additions, 267-269 
cold work, 268 
impurities, 265 
irradiation, 269 
nitrogen, 265 
nucleate boiling, 269-271 
pickling, 186-187, 263 
surface conditions, 265 
hafnium in hot water, 25 
hafnium-titanium alloys, 267-269 
cold rolled hafnium, 160 
electron beam melted hafnium, 135. 
miscellaneous media, 282-283 
water and steam, 268-264 
welds, 178 
Creep properties, 238-240 
effect of temperature, 238—240 
first stage, 240 
Stress vs minimum creep rate, 238- 
240 
Cross sections, stable isotopes of haf- 
nium, 8 
Crystal bar process, 5 
Crystal structure, 213-215 
lattice parameters, 213-214 
Crystallization, separation, 57-60 
Cyanonitride, 46 
Cyrtolite, 36-40 


D 


Density, 220-221 
Deoxidation in hafnium, 133-134 
Dies, extrusion, 161, 165 
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Diffusion, oxygen іп hafnium, 279-280 

Diffusion separation, 75 

Diketone, separation, 54-56 

Diorites, 35 

Dioxide, hafnium, chlorination, 329 
reduction, 329 

Discovery of hafnium, 1-2 

Distillation, separation, 63-66 

Double arc melting, 144-147 
conditions, 145, 147 

Dunites, peridotites, 35 


E 


Багіу work, hafnium, 4 
Edge cracking, in cold rolling, 158 
Electrical resistivity, 215-217 
Electrode materials, in nonconsumable 
arc melting, 144 
Electrode, welding, 168 
Electrodes, consumable arc melting, 147 
Electrolysis, separation, 69 
Electron beam melted hafnium, 
corrosion resistance of, 135 
fabrication of, 134 
tensile properties of, 135 
Electron beam melting, 125 ff 
composition changes, 130-133 
deoxidation of hafnium, 133-134 
equipment, 126 
feed material, 126 
furnace, 126 
history, 126 
ingot mold, 126 
melting rate, 129 
operations, 126, 129 
power supply, 126-127 
process, 125—137 
properties of product, 134 
purity of product, 132 
suboxide vapor pressure, 133 
suboxide volatilization, 133 
vacuum System, 126 
Eleetron emission, 222 
Electronic structure, 222, 295 
Electropolishing, 259-260 
Electroreflning, 119-125 
eonditions, 120, 122-125 
electrolyte, 119-125 
equipment, 120 
purity of product, 122 
Elpidite, 36-37, 40 
Emissivity, 222 
Endeiolite, 40 
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Entropy. 324 
Epithermal neutron absorption factor, 
15 
Etching (see Pickling) 
Eucolite, 40 
Eucolite, Var., 37 
Eudialyte, 36-37, 40 
Explosion hazard, 860-363 
from hydrogen generation, 365 
in etching of hafnium, 365 
Extraction, ores, 35 
Extrusion, 160-166 
arc melted crystal bar hafnium, 161- 
162 
arc melted sponge hafnium, 161 
bare, 161-163 
conditions, 165 
constant, 161 
vs temperature, 163 
die materials, 165 
dies, 161 
lubricant, 161 
pressure, 162 
shape factor, 164 
temperature, 162 


F 
Fabricability, 107 
Fabrication, 152-189 
of electron beam melted hafnium, 
134 
rod and wire, 165-166 
Fatigue properties, 240 
endurance ratio, 246 
notch sensitivity, 241 
S-N curves, 241-245 
Filtering, hafnium tetrachloride, 104 
Fire hazard, 360-363 
Fluorine, thermodynamic properties, 
349 
Flux depressor, 28 
Foil, cold rolling, 159 
Forging, 1538-155 
cogging, 154 
hammer, 155 
methods, 154 
preheating, 155 
press, 154 
quality of, 155 
Fractional precipitation, separation, 70- 
73 
Fused salt purification, hafnium tetra- 
chloride, 104—105 
Fusion, separation, 74 
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G 


Gabbros, 35 
Gas-metal reactions, 271-282 
hydrogen, 282 
nitrogen, 281 
Germanium, hafnium binary system, 194 
Granites, 35 
Graphite, thermodynamic properties, 
346 
Guarinite, 40 


H 


Hafnate, calcium, 32 
Hafnia, corrosion product, 264 
stabilized, 32 
thermodynamic properties, 324 
Hafnium (see also individual listings) 
abundance, 36 
alloys, phase diagrams, 191-210 
corrosion resistance , 267-269 
application of, 1-34 
binary ssytems, 191-210 
intermetallic phase, 192 
purity of, 192 
boride, 33 
burnable poison, 28 
carbide, 32 
chips, safe handling, 362-363 


compounds (see Compounds, haf- 
nium) 

content, minerals, 36-38 
ores, 4, 35 


control rods, 24 
discovery of, 1-2 
dust, handling, 361 
hazard, 360-361 
early work, 4 
effectiveness as a control material, 13 
fire control, 363-364 
flux depressor, 28 
history, 1 
early, 2 
recent, 6 
hydride, 194—202 
isotopes, stable, 8 
unstable, 9 
isotopic content, 5 
minerals, 39-40 
monoxide, vapor pressure, 133 
nitride, 325 
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nonnuclear application, 29 
nuclear properties, 10 
nuclear uses, 15 
optical spectroscopy, 305-306 
ores, 39 
radioactive, 38 
oxidation states, 110 
oxide, 30 
nonnuclear uses, 31 
properties, 31 
reduction, 36 
oxygen content, 102, 107 
physical properties (see individual 
listings) 
powder, handling, 361-362 
hazard, 360-362 
producers, 49-50 
production, 7 
reactor grade, composition, 139 
reduction processes, 83-106 
separation, 6, 299 
shipment, 364 
silicate, 31 
sponge, extrusion, 161 
handling, 362-363 
ingot fabrication processes, 108 
tetrabromide, 326 
tetrachloride, filtering, 104 
fused salt purification, 104-105 
refining, 103-106 
tetrafluoride, 84, 325 
tetraiodide, thermodynamic proper- 
ties, 110 
toxicity, 364-365 
vapor pressure, 181-133 
Hall coefficient, 221 
Hardness, 107, 234—236 
after cold work, 234-236 
effect of cold work and annealing, 
253-256 
of cold rolled hafnium, 158, 235 
Hazards, 360 ff 
Heat capacity, 324 
Heating, for forging, 155 
for hot working, 152-153 
Hexafluoride, reduction of, 84 
Hexone separation process, 6 
Hexone thiocyanate separation, 49-52 
feed solution, 51 
Hiortdahlite, 40 
History of hafnium, early, 1-2 
recent, 6 
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Hot rolling, 156-158 
micro-structure, 156 
product yields, 157-158 
quality of product, 157 
reductions, 157 
temperature, 156 

Hot working, 152-153 
heating, 152-153 

Hyacinth, Var., 37 

Hydride, hafnium, 

properties, 326-328 
binary system, 194-202 
composition of, 195 

Hydrogen, hafnium binary system, 194 
isotherm, 195 

Hydrogen, reaction kinetics with haf- 
nium, 282 


thermodynamic 


I 


Impact properties, 171-172, 236-237 
effect of irradiation, 237-238 
hafnium to Zircaloy-2 welds, 171-172 

Impurities, effect on corrosion, 265 

Industrial hygiene and safety, 360-366 

Ingot conditioning, arc melting, 150-151 
surface fusion, 151-152 | 

Ingot quality, arc melting, 151 

Iodide crystal bar (see Arc-melted io- 

dide crystal bar) 

Iodide process, 110 ff 
alternate feed material, 111 
deposition rates, 116-117 
equipment, 111-112 
feed material, 110-111 
feed temperature, 115 
filament temperature, 115 
procedure, 112-116 
purity of product, 117-118 
refining, 108-118 
transfer of impurities, 110 

Iodine, thermodynamic properties, 349 

Ion migration, separation, 74 

Ionization potential, 226 

Iron, hafnium binary system, 202 

Iron in hafnium, analysis for, 308 

Irradiation, effect on corrosion resist- 

ance, 269 
effect on impact properties, 237-238 
effect on tensile properties, 237-238 

Isotopes, stable, 8 
unstable, 9 

Isotopic content, hafnium, 5 

Isotopic depletion, 12 
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J 


Johnstrupite, 40 
Joining (see Welding) 


L 


Lattice parameters, 213-214 

Lavenite, 40 

Leucosphenite, 40 

Liquid-liquid separation, 49 

Loranskite, 40 

Lorenzenite, 40 

Lubricants, extrusion, 161 
wire drawing, 165—166 


M 


Machining, 181-186 
band sawing, 186 
boring, 186 
chucking technique, 183-184 
cut-off wheels, 186 | 
drilling, 186 | 
face milling, 185 
hazards, 182, 362 
shearing, 186 
slab milling, 185 
straightening, 184 
tapping, 186 
tool design, 185 | 
tungsten inclusions, 183 
turning, 186 
welds, 183 
Magnesium chloride, thermodynamic 
properties, 350 Кс 
Magnesium, hafnium binary system, 
202 
thermodynamic properties, 349 
Magnetic susceptibility, 221 
Malacon, 36-40 
Manganese, hafnium binary system, 202 
Mechanical properties, 226 (see also in- 
dividual listings) 
Melting of hafnium, 139-152 
Melting point, 212-213, 324 
Metallography, 256-261 | 
chemical polishing technique, 260-261 
electropolishing technique, 259-260 
polish-etch technique, 256 
summary of techniques, 258 
Micro-structure, of hot rolled hafnium, 
156 
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Minerals, hafnium, 39-40 
content, 36-37 
occurrence, 35 
Mining, zircon, 41 
Modulus of elasticity, 249 
Molybdenum, hafnium binary system, 
202 
Monoxide, vapor pressure, 133 
Mosandrite, 40 


N 


Naegite, 36—40 
Neutron absorption, total, 14 
Neutron absorption cross section, in 
neutron energy, 10 
Neutron absorption effectiveness, rela- 
tive to other absorbers, 15 
Neutron absorption factor, epithermal, 
15 : 
thermal, 14 
Neutron absorption resonances, 10 
Nickel, hafnium binary system, 202 
Niobium, hafnium binary system, 203, 
218-214 
Nitride, hafnium, thermodynamic prop- 
erties, 325 
Nitrogen, effect on corrosion resistance, 
265 
hafnium binary system, 203 
in hafnium, analysis for, 308 
reaction kinetics with hafnium, 281 
thermodynamic properties, 350 
Nohlite, 40 
Nonconsumable arc melting, 140-144 
conditions for, 141-142 
electrode materials, 144 
yields, 144 
Nonnuclear applications, 29 
Notch sensitivity, in fatigue, 241 
Nuclear properties, 10 
Nuclear uses, 15 
Nucleate boiling, corrosion during, 269- 
271 


O 
Oliveiraite, 40 
Optical spectroscopy, 305-306 
Ore, 35 ff 


conversion, 41 

direct chlorination, 47-48 
dressing, 41 

extraction, 35 
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hafnium, 39 
hafnium content, 4, 35 
occurrence, 35 
radioactive, 38 
zircon, 42 
Orvillite, 40 
Oxidation, by anodizing, 283 
in air, 271 
in dry oxygen, 271-272 
kinetics, 272 
pressure effect, 273 
temperature effect, 272 
states, hafnium, 110 
Oxide, hafnium, nonnuclear uses, 31 
properties, 31 
reduction, 86 
Ca-Na, 86 
HfC, 86 
Mg-Na, 86 
Oxygen, hafnium binary system, 203 
Oxygen, thermodynamic properties, 351 
Oxygen content, 102, 107 
Oxygen diffusion in hafnium, 279-280 
Oxygen in hafnium, analysis for, 310 
Oxyhalides, separation, 59 


P 


Pack rolling, cold, 159-160 
Paper chromotography, separation, 74— 
(5 
Peridotites, dunites, 35 
Phase diagrams, 191-210 
Phosphorus oxychloride complex, sep- 
aration, 63-64 
Physical metallurgy, 211, 249-286 
Physical properties, 211-249 
tabulation of, 212 
Pickling (Etching), 186-189, 262-263 
bath composition, 188-189 
bath temperature, 188 
cleaning for, 187 
effect on corrosion resistance, 186- 
187, 263 
explosion hazard, 365 
rates, 189 
rinsing after, 188 
Polymignite, 36-37, 40 
Potassium double fluorides, separation, 
51—58 
Preferred orientations, 249-252 
Producers of hafnium, 49-50 
Production figures, 7 
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Properties of hafnium compounds (see 
Compounds) 

Purification, fused salt, hafnium tetra- 
chloride, 104-105 

Pyrochlore, 40 


R 


Radioactivity of hafnium, 38 
Rare earth control materials, 24 
Reactor control, 16 
Reactor grade hafnium, 139 
Recrystallization studies, 252-236 
Reduction, 83 ff 
bi-metallic, 102-103 
Bureau of Mines operation, 00-05 
Carborundum Metals Company op- 
eration. 95-101 
cold rolling, 158-160 
commercial processes, 88 
conditions, 90, 96-100 
hafnium dioxide, 329 
hexafluoride, of 
by Na, 84 
hot rolling, 157 
miscellaneous methods, 88 
oxide, of, 86 
by Са-Ма, 86 
by HfC, 86 
by Mg-Na, 86 
product analysis, 101 
recent developments, 101-106 
recoveries, 95, 101 
sponge cleaning, 95 
sponge conditioning, 93-95 
tetrachloride, of, 
by Mg, 88-00, 329 
by Na, 87 
impurity control, 88-89 
tetrafluoride, of, 
by calcium, 84 
tetrahalides to trihalides, 84 
Refining, 107-137 
electron beam process, 125-137 
hafnium tetrachloride, 103-106 
iodide process, 108-118 
van Arkel-de Boer process, 108-109 
Resistivity, 215-217 
Rieheckite, 40 
Rod fabrication, 165-166 
Rolling, 126-160 
cold, 158-160 
hot, 156-158 
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Roll bonding, hafnium to titanium, 1% 
hafnium to zirconium, 180 
Rosenbuschite, 36-37, 40 


8 


Safe handling of hafnium, 360 
Salicylic acid complex, separation, 56-27 { - 
Scrap additions, in arc melting, 149-13 f 
Selective partial reduction separation { 
67-68 
Separation, 44 ff, 299 ff 
acetonitrile-isoamyl ether process, Ж" 
adsorption process, 62-63 
anion exchange processes, 61-62 
cation exchange processes, 60-61 
caustic leaching process, 73—74 
erystallization process, 57—60 
diffusion method, 75 
diketone process, 54-56 
distillation process, 63-66 
electrolysis process, 69 
fractional precipitation process, ^0 |: 
13 
fusion process, 74 
hafnium from zirconium, 49 
ion exchange methods, 299-300 
quantitative, 299-300 
paper chromatographic, 300 
table of adsorption-type methods 
299 
oxyhalides, 59 
paper chromatographic method, 7 
15 
phosphorus oxychloride complex, 63- 
64 
potassium double fluorides, 57-58 
salicylic acid complex, 56-57 
selective partial reduction, 67-68 
tetrachloride-fused salt process, 60- 
66 
tetrachloride process, 64-65 
thermal decomposition process, 74 
tributyl phospbhate-nitric acid proc |, 
ess, 50-54 
vapor phase dechlorination process. n 
68-60 
Shaping, 152-189 
Shipment, regulations of, 364 
Silicate, hafnium, 31 
Silicon, hafnium binary system, 204 
Silver alloy control materials, 24 
SNoda-eatapleite, 40 
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. Sodium, thermodynamic properties, 351 


" Sodium chloride, thermodynamic prop- 


erties, 352 
Specific heat, 228-225 
Sponge, arc melted, extrusion, 161 
; Sponge to ingot processes, alternate, 108 
.. Stabilized hafnia, 32 
._ Straightening, machining, 184 
Strain- hardening, 221—232 
` Stress relief, cold rolling, 159 
Sublimation, free energy of, 324, 332 
heat of, 324, 332 


: Superconducting properties, 215-217 
, Surface finish, cold rolled hafnium, 160 
., Surface fusion, ingot conditioning, 153- 
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Tantalum, hafnium binary system, 204 
Tensile properties, 105 passim 
effect of copper, 234 
effect of heat treatment, 228 
effect of irradiation, 237-238 
effect of temperature, 227 
electron beam melted hafnium, 185 
fracture characteristics, 229 
hafnium, bi-metallic reduction, 105 
hafnium, fused-salt purification, 105 
hafnium to Zircaloy-2 welds, 170, 172- 
174 
reduction in area, 231 
strain-hardening coefficients, 233-234 
true stress vs natural strain, 232-233 
uniform elongation, 230-231 
yield point, 229-230 


х Tetrabromide, thermodynamic proper- 


^ 


ties, 320 
Tetrachloride-fused salt solvent, sepa- 
ration, 65-66 
Tetrachloride, separation, 64-65 
thermodynamic properties, 326 
reduction of, impurity control, 88-80 
reduction of, by Mg, 88-90, 329 
reduction of, by Na, 87, 330 


^. Tetrafluoride, thermodynamic 


properties, 325 

reduction of by calcium,’ 84 
Tetrahalides to trihalides, reduction, 

84 

Tetraiodide, thermodynamic 

properties, 326 
Texture, 250 

pole figures, 250-252 
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Thermal conductivity, 220 
Thermal decomposition, separation, 74 
Thermal expansion, 218-219 
Thermal neutron absorption factor, 14 
Thermodynamic properties, 110, 223, 
323 ff 
bromine, 346 
carbon dioxide, 348 
carbon monoxide, 347 
chlorine, 348 
fluorine, 349 
graphite, 346 
hafnia, 324 
hafnium carbide, 325 
hafnium hydride, 326-328 
hafnium nitride, 325 
hafnium tetrabromide, 326 
hafnium tetrachloride, 325 
hafnium tetrafluoride, 325 
hafnium tetraiodide, 110, 326 
iodine, 349 
magnesium, 349 
magnesium chloride, 350 
nitrogen, 350 
oxygen, 351 
sodium, 351 
ваіт chloride, 352 
specific heat, 223 
zirconium, 353 
zirconium oxide, 353 
zirconium tetrachloride, 354 
Thermoelectric properties, 217-218 
Thorium, hafnium binary system, 204 
Thortveitite, 36-38, 40 
Tin, hafnium binary system, 205 
Titanium, hafnium binary system, 205- 
206 
Titanium in hafnium, analysis for, 308 
Toxicity, 364-365 
Transformation temperature, 214—215 
Transmutations, during irradiation, 12 
Tributyl phosphate-nitric acid separa- 
tíon, 49—54 
Tungsten, hafnium binary system, 206 
Tungsten inclusions, machining, 183 
Tungsten, in hafnium, analysis for, 309 
Twinning, 250 


U 


Uhligite, 40 
Uranium, hafnium binary system, 206- 
207 
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Vanadium, hafnium binary system, 207 
Van Arkel-de Boer process, refining, 


108-109 


Vapor phase dechlorination, separation, 


68-69 
Vapor pressure, hafnium, 131-133 
hafnium monoxide, 133 


Vaporization, free energy of, 324, 332 


heat of, 324, 332 


W 


Welding of hafnium, 166-181 
eonditions, 168 
electrode, 168 
fusion, 167-170 
joint design, 174—177 
precautions, 170-171 
resistance, 179 
rubbing shoes, 178-179 
tack, 167 
to Zircaloy-2, 167-168 
penetration, 168-169 
Welds, 170 ff 
corrosion resistance, 178 
impact properties, 171-172 


hafnium to Zircaloy-2, impact prop- 


erties, 171-172 
tensile properties, 170, 172-174 
machining, 183 
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Wire drawing, lubricants, 165-166 
Wire fabrication, 165-166 
Wohlerite, 36-37, 40 


X 
X-ray spectroscopy, 303—305 


Y 


Yields, cold rolling, 160 
hot rolling, 157-158 
nonconsumable are melting, 144 
Young's modulus, 249 


Z 


Zircon, 36-40, 42 
altered, 37-38 
carbothermic reaction, 44 
fusion, 42 
mining, 41 


Zirconium, hafnium binary system, 207 
Zirconium, thermodynamic properties, 


353 


Zirconium in hafnium, analysis for, 311 
Zirconium oxide, thermodynamic prop- 


erties, 353 


Zirconium tetrachloride, thermodynaw- 


ic properties, 354 
Zirkelite, 37, 40 
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